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ABSTRACT

A summary is given of the work performed in a l6-month program to study the
effects of hydrogen on forged (STA) Ti-6A1-LV ELI material containing a
fillerless weld. The program was divided into the following three tasks.
Task I - Literature Survey, Task II - Tensile Tests of Welded Ti-6A1-LV ELI,
Task III - Fatigue Tests of Welded Ti-6A1-LV ELI.

The tensile data showed that there was no gross change ir. the tensile properties
of oxide free samples of Ti-6A1-LV ELI as a result of testing in hydrogen gas.
There was, however, & slight decreesse (approximately 1 to 3%) in the tensile
properties for those samples tested in hydrogen environments regardless of the

additional testing parameters.

A hydrogen environment was found to increase the fatigue crack growth rate in
Ti-6A1-4V ELI (STA) and weld material in the temperature range of ambient to
~100°F, At -200°F, there was no significant difference between the crack
growth rates obtained in helium and hydrogen gas. The degree of hydrogen
enhanced crack growth was found to be dependent on the stress intensity range,
temperature, and microstructure of the material. The hydrogen enhanced crack

growth was expleined by using a model inv:iving hyurogen diffusion,
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INTRODUCT1ON

The increasing use of titanium alloys in hydrogen environments has resulted in
conaide:able interzst in their mutual compatibility. It is well known that
hydrogen in solution or precipitated as a hydride can sericusly embrittle
titaniun elloys. Material evaluation studies conducted on hydrogenated
titanium alloys clearly demonstrate the serious degradation of mechanical
pregoties associated with the presence of large quaniities of absorbed
hydrogen.(l’2’3)

The parameters vwhich cont! -~ . the rate and quantity of hydroge.. that titanium
alloys will absorb when exyosed to & hydrogen environment ar. not well defined.
At relatively high temperatures, titanium alloys rapidly absorb hydrogen with
the rate and quantity of absorption oeing dependent primarily on the
temperature.(h) However, at ambient and cryogenic temperatures, absorption
depends on a number of additional parameters including the condition of the
material's surfaces, the amount of stress in the material, and the purity of
the hydrogen gas.(5’6’7’8) Since many applications of titanium alloys in
space vehicles involve ambient to cryogenic temperatures in hydrogen environ-
ments, it is importent to understand the conditions that promote absorption

and subsequent embrittlement at these temperatures.

The obJect of this investigation was to determine the effects of a hydrogen
environment on the tensile properties and crack grow:h rate of forged and
welded Ti-6A1-4V ELI material in the wolution trested ani aged (STA) condition.
To accomplish this objective, the program wes divided into three basic tasks

as follows:

Task I -~ A survev of the technical literature on the absorption

of external hydrogen by titanium was made.



Task II -- Tensile tests were conducted on forged material at
ambient temperature using chemically clean Ti-6A1-4V ELI speci-
mens with transverse welds. The efiact of hydrogen pressure,
stress, strain, abrasion with iron, an. wicrostructure on the
hydrogen absorption and subsequent tensile properties of the

unprotected material was determined.

Task III -- Fatigue tests were conducted on forged material
using precracked Ti-6A1-4V ELI specimens with transverse

welds., The effect of hydrogen on the crack growth ratc of

the material as a function of temperature (ambient, 0%,

-100°, ~200°F) and microstructure (weld and STA parent material)

was determined.



TASK I -- LITERATURE SURVEY

General Discussion of Metal-Gas Reactions

It was recognized by Smithells that three main processes cccur when a metal
(3) The first reaction that will
occur is the adsorption of gas onto the metal surface. The gas will then be
absorbed into the surface followed by diffusion into the interior of the
metal. In the particular case of titanium aand hydrogen gas, a fourth reac-

(1)

The rate of permeation of the gas through the metal may be contrclled by any

surface is exposed to a gaseous atmosvhere.

tion can be present. That reaction is the formstion of titanium hydrides.
one or all of the above mentioned variables.

In the following summary, a detailed discussion is given on the resctions
occurring between metal surfaces and gaseous atmospheres as aprlied to the
titanium-hydrogen system. The effects of these reactions on the mochanical
properties of the material arc saiso examined.

Adsorption

Adsorption is the first process that occurs when a gas is placed 1n contact
with a metal surface., The gas impinging on the surface coadenses and is

held in place by the force field produced by the surface atoms of the metal.
Langmuir has suggested that the range of the surface forces resgonsible for

absorption are on the order of ].0'8 cm.(lo)

Since the range of the forces is
less than the diemeter of most gas molecules, the adsorbed layer of gas would
be expected to be only a few molecules thick. According to Langmuir, as the
surface becomes covered with a layer of adsorbed gas, molecular dissociation

occurs vhereby the ges molecules lose their identity in the adsorbed layer.

The amount of gas adsorbcd by a unit surface ares of a2 metal is dependent on

(11)

shown that the total amount of gas adsorbed onto a unit area of a surface is
(10)

the gas pressure and the temperature of the metal surface. Langmuir has

a8 hyperbolic function of the gas pressure. In the case of a diatomic gas,

such as hydrogen, the equation was modified to involve the square-root of the




gas pressure. In particular at low pressures, where the adsorbed layer is
incomplete, the total smount of gas adsorbed is proportional to the square-

root of the gas pressure.

The temperature dependency of the adsorption reaction, in many cases, cannot
be represented by a specific function. Benton end White have determined the
amount of hydrogen that will adsorb ontc nickel powder at three different
pressures as a function of temperature.(la) Their studies show that with in-
creasing temperatures, the quantity of gas adsorbed falls to a minimum value
and then increases. Afier achieving & maximum value, the amount of gas
adsorbed agein decreases with lncreasing temperatures. Smithells states that
this type of adsorption, referred to as chem-sorption, is associated with gas-
metal systems that can form a definite chemical compound.(g) This type of
adsorption would be o-xpected to occur in the titanium-hydrogen system since
titanium hydrides can readily be formed. The temperature dependency of hy-
drogen adsorption on titanium is not known. However, it has been shown that
hydrogen will adsorb ontc a clean surface of pure titanium at 14°K in a vacuum

7= -
of J.O"6 torr.\ij)

The effect of an adsorbed gas on the mechanical properties of a metal were
discussed by Petch.(lh) He proposed that the fracture stress for iron can

be lowered by the surface adsorption of hydrogen gas. The stress required

to enlarge a surface crack in a solid is given as a direct function of the
material's surface energy. Calculations made by Petch show that the surface
energy for iron is lowered by an adsorbed layer of hydrogen thus resulting in

a corresponding decreasse in the material's fracture stress.

Absorption of Hydrogen by Titanium

The rate and quantity of hydrogen absorbed by titanium is a function of a
nunber of variables. These variables include temperature, environmentsl con-
ditions, surface cleanliness, microstructure, alloy content, applied stress,

and gas pressure.

1]




Temperature

The absorption of hydrogen by titanim Is strongly temperasture dependent.
Bomberger and Knapek showed that Ti-6A1-4V did not absorb hydrogen during an
exposure of 30 days at 392°F.\5) Hlowever, the hydrogen content of the
material increased from 4 pm to 645 ppm after 30 days at 752°F. Using
commercially pure titanium and a hydrogen gas pressure of 2 cm, Gulbransen
and Andrew examined the rate of hydrogen absorption as a function of time

and temperature.(IS)

Absocption was found to start at about S554°F with the
rate of the reaction incr.azing rapidly with increasing temperature. In
several tests conducted st ambient temperature, evidence was found of hydro-

gen absorption by pure and ¢ .loyed titanium.(6’7’8’lb)

A few studies were
performed at very lovw “enperetures; in these studies no evidence of adsorption

was found below -100°F.(6!17)

Environmental Conditions

The absorption of hydrogen by titanium at low temperatuwres is dependant on

the purity of the hydrogen atmosphere. Contaminatioa o2 the hydrogen gas by
small quantities of oxygen or water significantly reduce the tendency for
(6,16) Quantitative results were presented by Bomberger and Knapek

who showed that 0.1 to 1.0% of(oxygen or water strongly inhibited hydrogen
5)

absorption.

absorption by titanium alloys.

Surface Cleanliness

In all low temperature studies of hydrogen absorption by titanium, the need

for an oxide~free surface was evident.(6’7’8’1618)

Unless the oxide was
removed or broken in some way, no reaction occurred. Sustained load tests
conducted at ambient temperature in hydrogen gas give direct evidence of

(19)

this requirement. Crack growth occurred only after the crack was extended

in hydrogen gas thus exposing a clean oxide free surface to the hydrogen.

Microstructure snd Alloy Content

Hydrogen absorbed by commerciaily pure titanium or predominantly alpha alloys
i3 concentrated primarily et the maceriai’s surface in the form of titanium

hydrides.(l6’20) Therefore, the quantity of h,irogen absorbed is dependent



on the diffusi ate of hydrogen through the hydride layer. However, it
was foun” «t the depth of the hydride layer was also affected by the
material’ microstructure. An acicular structure showed a greater depth of

hydride penetration than an equiaxed structure.(el)

Titanium alloys containing small amounts of the beta phase were found to
(20,21,22) This

was particularly noticeable when the materiel was heat treated to produce an

absorb more hydrogen than pure titanium or all alpha alloys.

acicular structure. In a Ti-Fe alloy containing 2% retained beta, the equiaxed
structure ausorved twice as much hydrogen as pure titanium, while the acicular
(20) This data clearly indi-
cates that in alvha-bets alloys, the total amount of hydrogen &bsorbed is

structure absorbed three times as much hydrogen.
directly related to the amount and distribution of the beta phase.

Stress

The effect of stress on the amount of hydrogen absorbed by four different

207.¢5) It was found that the amount of

titanium alloys was determined at 75
hydrogen absorbed tended to be greater in the stressed material as compared
to the unstressed material. In the four alloys tested, the application of

stress approximately doubled the amount of hydrogen absorbed.

Hydrogen Gas Pressure

In a study of the reactions of titanium with hydrogen, pure ititanium at am-
bient temperature was exposed to hydrogen gas at pressures ranging from 2 psig
to 1000 psig.(l6) A definite correlation was found between the thickness of
the hydride surface layer and the hydrogen pressure. It was shown that the

thickness of the hydride layer increased with increasing hydrogen pressure.

The embrittlement of alloyed titenium by high pressure hydrogen was examined
by exposing notched Ti-6A1-4V (STA) specimens to 10,000 psi hydrogen for

2k hours prior to testing.(23)

The test results showed a reduction of approxi-
mately 35 percent in the notch strength as compared to that found in 10,000

psi helium. Visual examination of the fracture surface showed the appearance
of a dark band part way around the fracture. The size of this dark band ap-

peared to be directly proportional to the degree of embrittlement,

.



Diffusion of Hydrogen in Titeanium Alloys

The absorption rate of hydrogen by titanium alloys is dependent on the rate of
hydrogen dirfusion into the material. Wasilewski and Kehl measured the diffusi-
vity of hydrogen in hcp and bee Ti-H alloys in the temperature range of 650° to
1000°C.(2h) Their results yielded the following equations for the diffusion
coefficients of hydrogen in a and 8 titanium:

-12,380 + 680
= ]

D, = 1.8x 1072 expl

-6,640 + 500

D, = 1.95 x 1073 exo( R ]

B

vhere D is in sq. cm. per sec., T in °K, and R the gas constant in cal. per
g-atom -K°.

A similar study was made by Papazoglou and Hepworth who determine the diffusion
coefficient for hydrogen in hcp and bee titanium in the temperature range of
610° to 900°C.(h) Their data showed the diffusion coefficient for hydrogen in

hep titanium to be as follows:

RT ]

D, = 3.0x 1072 expl

Only three measurements of diffusivity in bec titanium were made at 900°C, the
diffusivity in B was found to be 1.8 x 1o‘h 5q. cm. per sec.

The diffusivity data for hep solutions of Wasilewski and Kehl appear to be
larger than those determined by Papzoglou and Hepworth. Because of the direct
experimental approach taken by Papzoglou and Hepworth, their data is considered
to be more reliable.

Location of Hydrogen in Titanium

When hydrogen is absorbed by titanium, it can either form a solid solution or

precipitate out as a hydride, The probability of hydride precipitation de-

(25)

pends heevily on the alloy content, Aluminum, in particular, increases



the solubility limit for hydrogen thereby decreasing the tendency for hydride

(26) When the hydrogen content exceeds the solubility limit of
(21,28,29)

precipitation.
the material, hydride precipitation occurs.

In an slpha-beta alloy, the absorbed hydrogen is concentrated primerily in the
(30,31) Since the solubility of hydrogen in the beta phase is con-
siderably higher than in the alpha phase,(h’30) the alpha-beta alloys can
absorb more hydrogen without hydride precipitation than the all alphs alloys.,

beta phase,

Hydrogen Fmbrittlement of Titanium Alloys

High concentrations of hydrogen in pure or alloyed titanium can seriously
embritile the material., This embrittlement is commonly separated into two

distinct types based upon rate of load application.(32’33)

They are impact
embrittlement and low-strain-rate embrittlement. Both are believed to result
from a decrease in solubility of hydrogen in titarium with the behavior dif-
ferences attributed to differences in kinetics of hydride precipitation. If
massive hydrides are already present, impact embrittlement is observed. If
no hydrides are present, the alloy will be supersaturated with respect to

hydrogen and the application of st~ 'ss will result in hydride precipitation,

Low-strain-rate embrittlement is then observed.

(34)

Impact embrittlement is usually associated with hydrogen contaminated alpha
alloys, the low tempcrature close-packed-hexagonal form of titanium.(3’26’35’36)
The embrittlement beccmes more severe with increasing hydrogen content, in-
creasirg strain rate, decreasing temperature, and the presence of notches. A
high hydrogen content can also result in impact embrittlement in beta alloys,
the bvody-centered-cubic form of titanium, as well as alpha-beta alloys.(37’39)
The hydrogen content requirement for impact embrittlement for the latter alloy

is in excess of that required for low-strain-rate embrittlement,

Low-strain-rate embrittlement is usually observed in hydrogen contaminated

alpha-beta alloys, but has also been reported in both all alpha and sll beta
(40-bb)
alloys.

increasing hydrogen content, decreasing strain rate, and decreasing temperature.

The severity of this type of embrittlement increases with

Further temperature decrease results in a recovery of ductility which has been
attributed to the decreased rate of hydrogen diffusion.(hS)



TASK II -~ TENSILE TESTS

Experimental Procedure

Material

The material used in this study consisted of three Ti-6Al-LV ELI grade
forgings each measuring 40 inches long, 6 inches wide, and 0.75 inches
thick., Each forging was solution treated and aged per specification
MIL-H~81200. The vendor report showed that the material conformed to the
requirements of MIL-T-904TD, Type III, Composition B, Table 1. The micro-
structure of the forgings was found to be typical of forged Ti-6A1-LV in
the (STA) conditi»n, Figure 1.

C Fe Al v N H 02
.025 .05 6.0 3.9 .012 .005 .11
Yield Ultimate % Red,
2% off. KSI KSI % Elong. of Area
1k1. 4 158.2 11 31.7

Table 1

VENDOR TEST RESULTS.

Sample Preparation

Milling the 0.75 inch thick forgings to the required sample thickness of

0.033 inches involved iwo separate processes. The forgings were first chemi-
cally milled to a thickness of approximately 0.050 inches. The chemical
milling solution, consisting of T79.06% E0, 11.92% HNO3, 5.09% HF, 3.77% Butyl
Cellosolve and 0.16% Propaste No. 6708, was maintained at 85 + 5°F, To mini-
mize hydrogen absorption, the temperature and chemical composition of the
chemicel milling solution wes carefully controlled. An average hydrogen
content of 80 ppm was found in the chemicelly milled forgings as compared

to 50 ppm in the as received material.



MAGN: hLoox

FICURE 1. MICROSTRUCTURFE OF Ti-6A1-LV ELT FORGING IN
THE (STA) CONLITION,




The chemical milling resulted in the forgings being reletively rlat in the
longitudinal direction but conceve in the transverse direction. To obtain
parallel surfaces, further reduction of the forgings was accomplished by
surface grinding. A method was devised for holding the material during
surface grinding by using an epoxy resin. Each forging was grit blasted and
bonded to & 0.500 inch thick plate of 6061 aluminum. The epoxy resin selected
was Epon 934 since this particular resin is susceptible to thermal shock.

6061 aluminum was used for the backing plate material because its coefficient
of expansion is approximately two and one helf times that for Ti-6A1-4V.

These cuiaracteristics of the bonding materials were essential for easy removal
of the forgings from the backing plates following surface grinding.

A uniform distribution of epoxy resin was obtained between the forgings and
the backing plates bty bonding the materials between two aluminum pressure
plates. Several sheets of silicone rubber were placed between the forgings
and the pressure plates to produce an even distrioution of force. The mate-
rials were then bonded under slight pressure at 160°F for 2 hours. The bonded
structure was sufficiently rigid to permit surface grinding to a tolerance of
+ 0.001 inches. Following surface griiding, the bonded structures were sub-
merged in liquid nitrogen. The thermnl shock combined with the stress due to
differential thermal expansion resulted in releusing the forgings from the
aluminum backing plates, It was found that because of the irregular plane
surfaces of the forgings, it was necessary to grind on alternate surfaces
several times to obtein parallelism. Using this technique, all of the forg-
ings were surface ground to a thickness of 0.033 + 0.002 inches.

The Ti-6A1-4V forgings were sheared lengthwise in preparation for welding.
Edge irregulerities were removed by machining. The forginge were then welded
back together using the Gas-Tungsten-Arc (GTA) process in accordance with
Douglas Process Standard 14121, The welds were of the straight butt type with
no filler. Each weld was radiographed snd dye penetrant inspected. Minor
porosity was found in the start and stop areas, but only four isolated pores
vere found in the remainder of the welds. All welds were crack free.

11



The welded forgings were sheared into sample blanks measuring 4-1/2 inches

by 1-1/2 icches. Areas in the weldments which contained porosity as indicated
by radiography were avoided in tle shearing of the blanks., The sample blanks
were stress-relieved and aged by heat treating at 1000°F for 2 hours in an
argon atmosphere. Flat specimens were obtained by clamping the sample blanks
between 1/4 inch thick stainless steel plates during the heat treatment. The
sample blanks were then machined to the final semple configuraticn shown in
Figure 2.

Visusl examination of the welds in the tensile samples showed that a slight
amount of undercut was present in the arex adjacent to the heat affected

zone., Although this undercut was estimated to be only 0.001 to 0.002 inches
deep, complete oxide removul in this area during subsequent sample prepara-
tion would be difficult. Therefore, the surfaces of the tensile samples were
ground flat using the following procedure. The machined tensile samples were
mounted on a flat plate using double back tape and hand ground using succes-
sively 80, 240, and 320 grit wet .mery paper. This treatment reduced the
thickness of the samples by approximately 0.003 inches thus making the over-all
thickness approaimately 0.030 inches. Following surface grinding, the reduced
sections of the samples were coated with red layout dye.

Equipmen*

The tensile samples were prepared for testing in an Eringard Dry Box., Figure 3.
The purification system connected to the dry box was capable of maintaining the
oxygen and moisture levels in the dry box below 1 ppm, A molsture monitor and
an oxygen analyzer were connected to the system to provide a record of the

moisture and oxygen levels of the argon gas during sample preparatioun.

The tensile sample test chambo» is shown in Figuwre 4, The test chamber
utilizes a stainless steel ghell, high vacuum flanges and a stainless steel
bellows., Copper gaskets were used with the ultra high vacuum flanges to
provide a leak tight system.

12
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Test Procedurse

The test samples, test chambers, and 320 grit emery paper were placed in the
Eringard Dry Box in preparstion for the oxide removal treatment. The equip-
ment and samples were permitted to out-gas until the monitoring equipment
showved that the dry box atmosphere contained less than 2 ppm of oxygen and
less than 1 ppm of moisture. Since the out-gsssing for most of the samples
wvas permitted to occur overnight, oxygen levels of approximately 1 ppm and
moisture contents of approximately 0.6 ppm were obtained for most of the test

gpecimens.

The oxide removal treatment consisted of ebrading the reduced section of the
tensile samples until the red layout dye was completely removed. Immediately
after abrading, one inch gage marks were scribed into the surface of the reduced
section of each sample. The samples were then inserted into the hydrogen test

chambers which were sealed and removed from the Eringard Dry Box.

The sealed test chamber with the sample in the argcn atmosphere was installed
on the tensile machine and connected to the purge-and-fill system. The con-
necting lines between the hydrogen tank and the sample chamber were purged
three times by evacuating the system to 10"l torr and back filling with ultra
high purity hydrogen gas that contained less than 1 ppm of oxygen and moisture.
After the third back fill with hydrogen gas, the valve to the sample chamber
was opened and the chamber was purged three times using the same procedure.

For the control samples, helium gas was substituted for hydrogen gas.

The samples were tested in an Instron tensile machine at a constant deflection
rate of 0,002 in./min. Strain measurements were made by using the cross-head
travel, a standard mcde of operation for the Instron. The samples that required
exposure to hydrogen gas under stress were tensile loaded after the chamber

was filled with hydrogen to 75% of the yield strength and held for 24 hours.
Before testing to failure, the samples were unloaded so that a full load~
deflection curve could be obtained. All of the samples tested in hydrogen were
placed in liquid nitrogen for storage. This cold storsge minimized possible
hydrogen diffusion and resulting changes in the microstructu-e near the sur-

faces of the samples.



Post-test Examination

Metallographic specimens were prepared through the fracture surfaces of samples
that were tested in helium and in hydrogen gas.

The fracture surfaces of one sample representing each test condition were
examined by using electron fractography. Conventional two stage plastic-carbon

replication techniques were used.

tlydrogen gas antlyses were made on samples representing each test condition

br using vacuum-hot-extraction methods.

Results and Discussion

Tensile Tests

The tensile properties of welded Ti-6A1-LV ELI forged material tested at
ambient temperature in helium and hydrogen gas are presented in Table 2,

The data shows that the tensile properties of the material were not signifi-
cantly affected by hydrogen environments of 14.7 and 50 psi absolute pressure.
Similar results were found for the samples that were exposed to hydrogen gas
for 2k hours under a sustained load prior to tensile testing. There was,
however, a slight decrease (approximately 2%) in the average ultimate strength
for those samples tested in hydrogen gas.

The results of the tensile tests evaluating the effects of pre-strain and iron
abrasion on hydrogen absorption and subsequent tensile properties are given in
Table 3. A comparison can be made between the tensile properties of the sample
abreded with iron, sample 3-8, and the samples tested in helium gas. The data
indicates that abrading the material with iron results in a lowering of the
tensile properties (approximately 3%) when tested in hydrogen gas. A similar
decrease in tensile properties was found for sample 3-9 which was exposed to
hydrogen gas for 332 hours, Prestraining the material prior to hydrogen
exposure, sample 3-7, also appears to lower the mechanical properties of the
material,
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Metallography

The tensile samples were found to consistently fail in the base material
avay fram the welds, Figure 5. Although the base material exhibited consid-
erable plastic deformation, the weld areas showed evidence oi only a small

amount of plastic strain.

The fractured tensile samples shown in Figure 5 were examined for evidence

of a hydrogen-titanium reaction by using both optical and electron mieroscopy
methods. Microscopic examination of the plane surfaces of the samples tested
in hydrogen and helium gas showed indications of surface cracks in the base
material and not in the welds, Figure 6. However, by using electron micro-~
scopy, it was found that the surface markings in Figure 6 were localized areas
of high plastic strain and not surface cracks, Figure 7.

Metallographic specimens were prepared through the fracture surfaces of selected
semples tested in hydrogen gas. Examination of these specimens revealed no
indications of a hydrogen-titanium reaction adjacent to the surface that was .

abraded end exposed to hydrogen gas, Figure 8.

Fractography

Electron fractographs were made on the broken tensile samples to establish
the fracture mode. One specimen representing each test condition in Table 2
wvas examined. The fracture surfaces were examined in an area directly adja-
cent to the sample's surface since that would be the most likely area to show
embrittlement. All of the samples showed that failure occurred by dimple
rupture thus indicating a ductile failure, Figure 9.

Gas Analysis

Hydrogen gas analysis were made on samples representing each test condition
shown in Teble 2 by using hot extraction techniques. ©Since absorbed hydrogen
would be concentrated at the tensile sample's surface, it was concluded that
gas analysis of the bulk tensile samples would not yield definitive results. -

Therefore, filings were removed from both the base material and the weld area
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SAMFLE 5-1 Tested in He gas at 1k.7 psi pressure

SAMPLE 3-2 Tested in Hy gas at 50 psi pressure

Exposed to Hp gas for 2L hours at a sustained load
of 75% of the yleld prior to testing.

FIGURE 7. ELECTRON MICROGRAPHS OF THE PLANE SURFACES OF THE
Ti-6A1-4V TENSITE SAMPLES SHOWING LOCALIZED AREAS
OF HIGH PLASTIC STRAIN. MAGN: L000X
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Weld Material

SAMPLE 3-2 Tested in Hg gas at 50 psi pressurc

Exposed to H, gas for "L hou-s at a sustained load
of 75% of the yield prior to testing.

FIGURE 8. MICROSTRUCTURE OF Ti-% TENSILE SAMPLE SHOWING A
CROSS~3ECTION THROUGH THE SURFACE EXPOSED TO HYDROGEW
GAS.,  MAGN: 300%
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and analyzed for hydrogen. The results of the hydrogen analysis are given in
Table 4. The cuta shows that the tensile ssmples did not ebsorb s substan-
tiel amcunt of hydrogen as 1 result of testing in & hydrogen atmosphere.

Test Conditions Hydrogen PPM
Exposure
Absolute Time
Sample No. Gas Pressure PSI Hours Base Metal Weld Avea
5- 3 He 4.7 0 236 243
5- 6 H2 k.7 o) 211 221
5- & H, 5C 0 236 192
5-13 HQ 1.7 24 222 230
5-1C H2 50 2L# 22k 217
STD 215 ppm NBS standard 237

*Sustained Load, 75% of the yield strength

Teble L

HYDROGEN ANALYSIS OF FRACTURED TENSILE SAMPLES.

The validity of using filings was Jetermined by 1-eparing a specimen from pure

titanium containing 215 ppm of hydrogen as certified by the Nat onal Bureau of

Staudards. It was found that the filings contained 237 ppm of hydrogen. Addi-
tional specimeng were tested and it was estimated that the accuracy in using

filings was approximately + 15%.

The average hydrogen content of the chemically milled forgings was previously
shown t~ be 80 ppm, how ‘ver, Table 4 indicates *hat the material contained a
higher concentration of hydrogen. This difference may be assoclated with the
locations in the forgings where the hydrogen analyses were made. The gas
anslysis samples taken after the chemical milling operation were remcved from
the edges or the forgings while the samples shown in Table 4 were removed
from the center sections. During chemicel milling, localized heatiug in the

longitudinel center sections of the forgings resulted in a faster erosion



rate in these sreas as compared to the longitudinal edges. This localized
heating could heve resulted in an increase in the hydrogen content in the
ccnter sections &s compared to the edges of the forgings.

Conclusions

The date tabuleted in Tebles 2 and 3 show that there was no gross change in
the tensile properties of forged and wvelded, oxide free T{-6A1-4V ELI a8 a
result of testing in hydrogen gas. The post test analysis, also, did not show
conclusive evidence of & hydrogen-titenium reaction. There vas, hovever, a
slight decrease (approximately 1 to 3%) in the tensile properties for those
samples tested in hydrogen gas regardless of the additional testing parameters.
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TASK III -~ FATIGUE TESTS

Experimental Procedure

Sample Preparation

The fatigue test samples vere prepared by using the same materisl and sample
configuration used in the tensile test program. Prior to testing in a con~-
trolled atmosphere, each sample was fatigue cracked in air. A 0.005 inch by
0.025 inch slot was machined through each sample in the area to be tested by
using the electrical discharge machining methed. To test the (STA) material,
the slots were placzd 0.300 inches sbove the center of the welds on the longi-
tudinal center line of the samples. In the weld samples, the slots were
positicned in the center of the welds. The samples were then fatigued in air
using tension-tension loading until a 0,050 inch long crack formed through the
slots. The primary purpose of the precrack was to produce a consistent starting
point for the crack propagation tests.

The growth of the precracks thrcugh the machined slots was found to be incen-
sistent, particularly in the weld material. Crack length measurements made

on opposite sides of each sample differed in some instances by approximately
0.015 inches. This condition was corrected by flexure fatiguing the discrepant
samples in such a way as to promote crack growth only on the side of the sample
that coniained the short crack. This procedure resulted ian uniform cracks
through the thickaess of the samples; however, the total crack length often
exceeded the desired total length of 0.050 inches. Therefore, the precracks

in all of the samples ranged in total length between 0.049 inches and

0.067 inches.

An sccurate determination of the zize and shape of the precrack can only be
made by viewing the samples' fracture surfaces after fallure. The pracrack
areas, however, could not be easily distinguished after the samples failed.

To promote visual identification of the precrsrk areas, the precrack fracture
surfaces were heat-tinted using the following procedure. Following precracking
ané prior to controlled atmosphere fatigue testing, the samples were heat
treated at 600°F for 10 minutes in air.



Evaluation of Crack Length Measuring Technique

The determination of crack growth rates under fatigue loading requires mea-
suring the crack lengths as a function of the applied cycles. Numerous
methods have been used for measuring the change in crack length including
microscopic examination, the use of crack propagation gages, surface stain-
ing, and electrical potential measurements., All of these methods have
definite limitations 3n accuracy and ease of employment. The electrical
potential method is the most versatile of those cited and it is the par-
ticular method which is most compatible with the present teat conditions.
The advantage of using this technique is that the change in crack length
can be monitored whil che sample is enclosed in & container having a con-

trolled atmosnhere =. u constant temperature.

The electrical potential method for measuring crack growth has been used by

several investigators.(hG’h7’h8)

This technique consists of passing a con-
stant current through a precracked specimen and measuring the change in elec-
trical potential across the crack interface as the crack extends, Figure 10,
Under suitable conditions, an incremental change of 0.002 inches in crack

length can be detected.(h9)

However, it has been found by most investigators
that relatively large samples (approximately 3 inches wide) and high sample
currents (approximately 20 amps) were necessary to obtain the desired accuracy.
Since the existing samples machined from the Ti-6A1-4LV forgings conteined a
relatively small reduced section (0.032 inches by 0.500 inches), an evalua-
tion of the electricel potential method was necessary to determine if this
technique could be used.
(49) that for a razor-thin crack of length (2a), the

potential difference (V) between two points at a distance (y) above and

It was shown by Johnson

below the crack is a function of the half-crack length (a) and specimen
width (w), Figure 10.

V ~ Cosh™t (:—:’-g—:ll;—z%i) (1)
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To eliminate the proportionality constant, it is convenient to consider the
potential ratio V/V° vhere Vo is the potential acroas the initial crack.

sh--l (cosh !x/v)
¢o cos xa/r (2)

cosh-l (conh w)
cos lﬂb§V

The above equation was programmed into a computer to obtain calibration
curves. Using a sample width (w) of 0.500 inches and an initial crack size
(2a) of 0.050 inches, the potential lead distance (y) was varied. The com-
puter calculated curves presented in Figure 11 show the effect of changing

v
——
v

(¢}

the potential lead distance (y). An optimum baleance between accuracy and
sensitivity is achieved by using a (2a) value of 0.100 inches. Since a
deviation of 0.010 inches in locating the potential leads on the sample will
result in a significant shift in the celibration curve, the distance between
the potential leads must be accurately measured.

Calibration samples were tested using the test setup shown in Figure 10. The
potential leads were spot-welded on to the sample and the distances between
the leads were accurately measured by using a microscope and micrometer stage.
During the fatigue test, a constant D.C. current was passed through the
sample. The change in electrical potential across the crack interface was
nmonitored by using a millivolt recorder. The samples were fatigued at a rate
of 500 cycles/min. under tension-tension loading using an upper stress of

30 KSI and a lower stress of 3 KSI. Cycling was stopped periodically end the
actual crack lengths were measured by using a calibrated microscope.

Tuc results of the calibration samples are shown in Figures 12 through 1L,
The experimental data points in Figures 12 and 13 were obtained by using
Ti-6A1-4V (STA) sheet material, a sample current of one amp, and a distance
between potential leads of 0.100 inches. The theoretical curves were estab-
lished by using the coaputer program and the necessary measurements of the
test samples. At ambient temperature, Figure 13, it was found that the
theoretical curve predicted the actuel crack length to an accuracy of

31



ESEY aan v manl SRR auw Al Sudss
g . e <N 5
L] Y Ty
L 1) P+ s
.,ol Y.M. E HrJYﬁ;!&, .
rJ.I.* - .H\.ir ) H
g Sfpgnpgain ki,
t -
aaag s
: AN LA -
b gRRRS nRarg Bagnm
SiE R ep ]
L B
o il ; T
+
L
i -
: (o]
- 3
~
©
~
1 w - =
4 il t b~
ST i ! <
1 i 4 R
LT 1
3 BiEtgEE (e
Haneagannye =
4 $ - hw (&}
[T W..H 9 w
i e boob |
M o
mm H—, a4 X
< 1 Ly G
-t st B E S <
Eappii=tadiy g
AR £ [
Ium‘ b L (&)
B 7 N
S
11 713 j e
Tl o e fd
1t b et 1 -4
R f.\v‘,vff R
anSES an S sUned R
b+1 -1 4 .l* = ol
R Lt ]
4 e L
IR aRERS SREEY Nat
T f =
- -t 4 - L ol o l&v?*.
s et g
- 4_,. A.qlu..
| 0 T .
(@) (o)) To] < 0 o -— o
9 * (] [] N . . o
2 -— - - £~ -— - —-—

(°a/n) O1lvd 39vLI0A

COMPUTER CALCULATED CURVES SHOWING THE EFFECT OF CHANGING

FIGURE 11.

THE DISTANCE (2Y) BETWEEN THE POTENTIAL LEADS ON THE SAMPLE,

32



r T Tt ™TT T T T ™
qane. muwsuasanonszassans suous symnsacens sALN
; ,L b4 4t ot y—e 0 amba amah wn o et S 5 NG oo R
4 ) T s g i .
1 T T [ N T B !
+ ] | H i ot d ey f—i—F & §
I = ; 5 B S — e ;
4 4 e + ] N o (I E SR
R S M;.r. T “ t w R _.,«,YL{{;_ L»...nl.\_r
R e o T
ok feaod T i i s peepsh : &
- 4 —r > " o +
T3 LR 3 " it V1l
T ] ’ T
R [ + ]
by B T T Tt
| .
T -t T =
,LLV‘ )
8 [ IR {
ks y AL L
L SRR T t
1 Eal T ) T e A
N Nl S IR e - I
RN e i g (o T
S b 1
T T ) )
R PR + +
Bied I i
i N ENnA i
T 1 : !
-t S e ; ! N
1 i Py t y 3 HE SIS
bt H : ; i
5 R ; AR iy . wsoppagecs O
it | : S R ) AN Gt (R N ASEM G S L
R ; L I ! RO A S : ) I R
D AR e ) S I /08 S i B R S L PO
! - 3 JR N TR N . 00 IO B0 SR M I L :
; ! bl S S MR G B ;
8 S o 11 - 5 O OO T
i AT S +t i o L G
L -
T [ AT00 5 N e N i I St :
N L i1 4 :
+ - ot + T
10 [ 6
1 — I
- e bt i o
Beni na Rl AN SRUAN SR AR T
T T I A T T ) =i
L e : Lifee
Lp tebnye et poted 2efls b
+
v g IR ¢ dted
A N g T
fe dmnte ’ -1+ - Tt =t b gt g fmria bt el
T = 4-f ot e N e fdmi 4ot
e PR SRS SEai
_ — . L |
8 L B B R t
T I - oy pomae e
S Gy - N Iy )
ot L D L I T3 §
il . _vH< ; ! + y
iy o o Ay R ] _, 1
bt e et oot okt - -
.wl,..ﬂ. ITMN v,a : fotet i.L,..,,..x I Wi 1 r
il o i i il i e
it T ™ Tt B 4 I
pob pb e e P
Lk AR N W L0 1 Ml
DINR A R ) IR A O [ L ) JERSRTN B : J
I LTt N S I IO I

242

8.0

7.0

4,0 540
CRACK LENGTH RATIO (a/a,)

3,0

24,0

COMPARISON OF THE OMPUTER CALCULATED CURVE WITH THE EXPERIMENTAL

FIGURE 12.

DATA OBTAINED FOR Ti-6A1-4LV IN THE (:3TA) CONDITION AT AMBIENT TEMPERATURE,

33



860

0

7

6.0

8.0

34

4,0

CRACK LENGTH RATIO (a/ay}

COMPARISON OF THE COMPUTE:X CALCULATED CURVE WITH THE EXPERIMENTAL

DATA OBTAINED FOR Ti-6A1-4V IN THE (STA) CONDITION AT -200°F.

T T TTT .“
11 3 P
e R m
- - t
-
i
B 05 P
1
1
+r i
M 1
JEER g AN :
i inatashesdnas F
CTTT ot =11
I i
1 { n il
u T =t
= | X
I
- ;
- {d {
» 1 r
m 41T -
- ok .
- dsdibalaley LT b
- aEd: o .%¢g,xr e
&8 .wj.m _ﬁ : ! o T 8 +
[ ] [N g Xl
. T |l ‘ ; I
- : x “ me il x
& IS ! =k o 1
- +- --4 R 15 A ‘
e . t -4 R bt frtbad o4 44 Lol -
: i o - T 4 S
-t 4 L . R
I i daciadsaastcas
(3] Lo o (o) [ee] " N
® . [ . ] . .

{°A/n) OlLvy 39VLI0A

1.0

FIGURE 13.




TR D T P S MR PR IR T T T
IS . L i -t T I R N I i I
I I D} mr m : ‘ML L . ! o
L ) ; ! i T ! . +
i | ' RS B i : = : 1 T
R ! ) i ! : i R s i ; ."
= = + ;
- PN g W r
; - —+- - , - t —t— T
mE 1T B e t t
R s 4 ; e I . 1
— + - d S B ]
L..Twll i I H !
H i 5 L
LD B : i RS ; | ]
) ; MN » T 1 m,k _
o A RO O A o It
. L 6 1 O B ; i I — ﬂ NHM\
T N W et I I ) T - t 1R |
: i b 1 : HL 1)
i : ! FERA N S ; T ; T Tl YR
| ; 156 B SR A 1 Y O i i L 88 I A
; ; il I O e I ] [ i . RN CT T o
T : il T * . ; 1=t t + . 1 4 y i
: 4 T — P iy { l 1 H i 1 I
g " : b T ; LU A A et {
: } R . LR RN IS I : ] [ | i : i R
) . ;WJ%J RN I I 1 i I LS O N O g 1 i
i H i | . i _. i i ; f * < 1
- : 1 : v | Nhr ! L L m H_ : TLJA _Im
1 “, 41:1 T .1 15 —.H ' ¥ ) 4 Vo 2 T
—t N ; I [ i I SN +
! : i ) 1 ; tT T S
- [ i [ AL LA I I ! [ L
o L " A I i S
T TR S | Lo o N K (5 il HE |
: | T . S R W S i T ey
it L { | i L i ML A e i
; . S ) - R 0 A =
! i AR R P T H Y 4 ST "
f T TR IR - 1 L e & | IR R TR sy
— “ T ) ] T B I
A e ] “ N R,
10 — - i Ll A
H L FE— Y o=y=r )
ot “ : i R i o e M
10} f i CTTt (o i i 1
R 2 feauERatabhay
‘ ! T 1 | L
T 1 N * T 1 ' T+ T
4 i - T 1 Trra T ey
+ } e s - N e e ~be
1 4 ; Ll ! o
1 [ . : ; I H i
| A 1 il 1 } RN !
e Hase nasENEguasanan au e e a s
L R RIS fond ; i -
Lli..lwl; I »,L.vn !Ln.ﬁ, : ! i i i I ] 3
u i . L ﬂf%.r aebsadicd Lkl i g : & i
il i 11 o L | R I L L
Y T ] A I A T ™
1 i T | T T ! il
! BN ; [ TR N ? ;
1 e Lo e Lt » shurks Vpientiel i
m 1
{ .
- e B o $- o~ : — [
— S - 4. 4 R e e
.ﬁ L A ‘ ! T i tes
B! ! il | | I i T {0}
L L VT i L 11 i 1 4 I

2,0

1.9

o] 'y} «
° e .

(°A/a) Ol1Lvy IDVYLI0A

1e3

4,0 540 6.0 7.0

CRACK LENGTH RATIO (a/ag)

34,0

1.0

COMPARISON OF THE COMPUTER CALCULATED CURVE WITH THE EXPERIMENTAL
35

DATA OBTAINED FOR Ti-6Al-4LV WELD MATERIAL AT AMBIENT TEMPERATURE.

FIGURE 1k.



+ 0.002 inches throughout the crack growth range. However, at -200°F the
actual crack lengths were apprcximately 0.010 inches larger than that pre-
dicted by the theoretical curve, Figure 13.

The data in Figure 14 was obtained for a weld sample using a sample current of
0.5 amps and a distance between potential leads of 0,200 inches. Although
these test conditions resulted in lower sensitivity and accuracy, good agree-
ment was found between the theoretical curve and the experimental data.

It can be concluded from the above date that the analytical solution derived
for a razor-thin crack agrees with the experimental crack growth curves for
Ti-6A1-4V sheet samples throughout the crack growth range. In addition, the
accuracy of this method of analysis is not significantly affected by dif-
ferences in the samples' microstructure (weld and (STA) material) or tempera-
ture (70 to -200°F).

Equipment

The test chambers used in the tensils test program were modified for use with
the fatigue test samples, Figure 15. Vacuum tight feed-throughs were welded
into the side of the chambers for insta.lation of the potential leads. It
was also necessary to electrically insulate one end of the sample chambers,
This was accomplished by using viton gaskets, vacuum flange hold-down rings
made of plexiglass, and an insulating block in the external load train.

Evaluation of Test Conditions

Preliminary tests were conducted on Ti-6A1-4V sheet specimens in the (STA)
condition to determine the effect of hydrogen presswe (14,7 psi and 50 psi
absolute) on the crack growth rate. Since both hydrogen pressures were of
interest and limited forging samples were available for testing, it was
desired to use a hydrogen pressure that would yield the most useful
information. It would be expected that the higher hydrogen pressure would
have the greatest tendency to promotz a hydrogen-titanium reaction. Howeve-,
if the effect of the higher hydrogen pressure on the crack growth rate is
negligible, testing of the samples wovld be simplified by using the lower
hydrogen pressure of 14,7 psi.
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Three precracked samples of the Ti-6A1-LV st et materiel were fatigue tested
at ambient temperature using s maximum stress of 30 KSI, a minimum stress of
3 KSI and e cycle rate of 50 cycles/min. The samples vere tested in atmos-
pherez of 14.7 psi of ne’ *4,T psi of hydrogen and 50 psi <2 hydrogen gas
The results ¢ these tesiu, o e given in Figure 1 . The curves show ithat
kydrogea —as at ambient 1ressure does increase the cra.xz propagation rate in
Ti-6A1l .V (STA); hovever, at a hydrogen pressure of S0 psi an even greater
increasse in the crack growtn rate results. As a result of theee tests, the
Ti-6A1-4V forging samples were tested at hydrogen pressures of 50 psi
(absolute).

Test Procedure

The following test procedure was cstablished for testing the precracked
Ti-6A1-4V ELI forging samples. Electrical potential leads vere spot welded
on the sample at a distan~: of 0.050 inches above and below the crack. The
distance between the potentisl leads was mesasured using a microscope and
microueter stage. After sealing the sample in the test chamcer, the chamber

was instelled in the fatigue machine. The sample chamber was purged by evacu-

ating the system to 10™% torr and bac: filling with the desired gas a winimum
of 10 times. The test chamber wr .“en fillod with the desired gas at 50 psi
absolute pressure and cooled to the test temperature. The sample was fatigue
tested using an upper stress of 30 KSI, a lr~wer stress of 3 KSI and a cycle
rate of 500 cycles/min. Durivg testing, & continucus record was made of the
change in potential across the crack interface as a function of the applied
cycles. Immediately after failure, the size of the precrack was measured
ana the sample placed in liquid nitrogen for storage. Using the precrack
8., sample width, and potential lead distance, a V/V° vs a/ao calibration
curve was computed for the sample. The actual crack lengtl es a function of
the epplied cycles was determined using the calibration curve end the poten-

ti2) measurements obtained during testing.
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Experimental Results

Fatigue Tests

The fatigue crack propagation tests were conducted on forged Ti-6Al1-LV ELI
(STA) and weld material under the environmental conditions shown in Table 5.

A tabulation of the fatigue crack propagatior data for the samples shown in
Table 5 is given in Appendix A. The data was adjusted to eliminate the initial
fatigue cycles that did not contribute to crack growth by making (0) cycles
coincide with the onset of crack growth. The number of cycles equired to
start the cracks growing ranged from 1,000 to 6,000 cycles.

The fatigue crack propagation data in Appendix A was analyzed using the follow-
ing procedure. Accurate curves were made of the half crack lengths as a func-
tion of the applied cycles for each sample in Appendix A. The actual crack
growth rates (da/dn) were determined by measuring the slopes of the curves

at selected crack lengths. Using the half crack length and the following
equation, the stress intensity range (AK) at the tip of the crack was calcu-

lated for each crack growth rate.(so)

AK = Ao ('c)l"' (3)

where
Ac = range of gross section stress
¢ = =(w/va tan wa/w) = half crack length in an infinite sheet (L)
a = actual half crack leagth
w = sample width

The equivalent crack growth rates for an infinitely wide sheet {dc/dn) were
determined by using the actual crack growth rates (da/dn) and the following
relationship obtained by differentiating Equation (h).(sl)

dn dn v

In Appendix B, the actual and equivelent crack growth rates are tabulated for

varicus crack tip stres- intensity ranges.
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TEMPERATURE TEST CONDITIONS

SAMPLE NO. oF ATMOSPHERE MATERIAL
1-9 Ambient H STA
1-4 Ambient n: STA
1-5 Ambient }12 STA
1-6 Ambient H, STA
2-T Anbient He Weld
2-2 Ambient H <eld
2-10 Ambi ent Hy Weld
2-5 Ambient H2 Weld
4-6 0 H STA
L-9 0 u® STA
L-7 0 HS STA
1-11 0 ng STA
2-13 0 H Weld
4-2 0 B Weld
2-12 0 H; Weld
3-13 0 H2 Weld
4-8 -100 ;| STA
1-7 -100 B STA
1-1 -100 O STA
1-10 -100 ng STA
3-10 -100 H Weld
2-8 ~100 n: Weld
2-11 -100 H Veld
4-12 -100 ng Weld
1-2 ~200 H STA
L-4 -200 ' STA
1-12 -200 H; STA
y-11 -200 Hy STA
2-6 -200 H Weld
3-12 -200 0 Weld
4-10 -200 ng Weld
4-3 -200 Hy Weld

Table 5

TABULATION OF TEST CONDITIONS ¥OR THE CRACK
PROPAGATICN TEST SAMPLES.
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The equivalent crack growth rates are shown in Figures 1T through 24 as a
function of the stress intensity range for the (STA) and weld material
tested in both hydrogen aid helium gas. It was found that the crack growth
rate in helium zas could be expressed by the following empirical

relationship.(5‘)

e = aqa)” (6)
The value of the exponent (N) was epproximately (L) for all of the helium gas
samples. The samples tested in hydrogen gas, however, did not show a simple
power function between (dc/dn)H2 and (AK).

The fatigue crack growih rate curves clearly show that hydrogen gas increases
the crack growth rate in Ti-6A3-4V ELI (STA) and weld material in the tempera-
ture range of ambient to -100°F. In addition, the curves Indicate that the
magnitude of the increase in crack growth rate is dependent on the miero-
structure, stress intensity range, end temperature. These parameters and
their effects on the crack growth rate in hydr:-gen gas are examined in the

following discussion.

The degree of crack growth enhancement caused by hydrogen gas was determined

at various crack tip stress intensity ranges by dividing tne crack growth rate
in hydrogen by that cbtained in helium, Table 6. This dsta is shown graphically
in Figures 25A and 25B. The curves show that the degree of embrittiement at
each temperature for both materials changes significantly with (AK). At ambient
temperature the crack growth rate ratios for both the (STA) and weld material
increase with increasing (AK) to meximum values of 2.5 and 3.5 respectively.

As (AK) continues to increase, the (STA) material remains at a constant crack
growth rate ratio of 2.5 but the weld material ratio decreases rapidly to 1l.2.
These curves indicate that at embient temperature and low crack tip stress
intersity ranges, the weld material is more susceptible to hydrogen enhanced
crack growth than the (STA) material. However, at high streess intensity ranges,
the (STA) material is more susceptible to embrittlement. At decreasing test
temperatures, both materials show a decreesing degree of embrittlement, vartic-

ularly at the high crack tip stress intensity ranges.
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da da
(EK)HQ /(a-‘;)ne (STA) Materisl

d") //(d‘) Weld Material

0 =100 ~200 15 0 -100 ~200

8.34 1.03 1.05 - - - 2,28 - -

8.69 1,01 1.1k - - - 2.04 - -

9.03 1.05 1.39 2.4 - 2.8 1,91 1.29 .97

9.35 1.10 1.70 - - - - - -

9.67 .33  1.78 1.78 .76 3.18 1.72 1.22 .86

9.99 1.52 1,99 - - - - - -
10.29 1.78  2.43  1.69 .18 3.62 1.69 1.18 .86
10.60 2.00 2.73 - - - - - -
10.88 2,14 2,55 1.72 6 3.5 1.59 1.15 .9k
11.k6 2.0 2,52 1.60 .82 3.19 1.8  1.07 1.0h
12.01 2.53 2.0  1.42 .80 2.8 1.1 1.16 1.11
12.56 2.4 2,38 1.32 85 2,62 1.3 1.19 1.12
13.10 2,44 2,19  1.35 BT 2.39 1.31  1.16 1.09
13.63 2,52 2.09 1l.31 91 2.3  1.25 1.18 1.13
14,16 2.48  1.95 1.39 92 2,28 1.23  1.15 1.02
14.68 2.k2  1.75 1.38 9 2,04 1,21 1.16 1.07
15.21 2.k5  1.76 1.35 95 - 1.22 1.16 1.10
15.73 2.56 1.64  1.29 98 1,95 1.22  1.17 1.12
16.27 2.55 1.56 1.30 1.0k - 1.23 1.16 1.21
16.81 2,60 1.58 1.30 1.04 1.73 1.22  1.13 1.26
17.36 2,68 1.50 .31 1.09 - 1.26 1.10 1.29
17.93 2,56 1.0 1.33 1,06 1.h5 1,31  1.12 1.34
18.50 2.43 1.33 1.36 1.06 - 1.39 1.21 1.3k
19.09 2.k0 1.28 1.35 1.05 1.20  1.3% 1.3k 1.k9

Table 6

CRACK GROWTH RATE RATIOS FOR Ti-6A1-4V ELI (STA) AN
WELD MATERIAL SHOWING THE EFFECT OF
HYDROGEN ON THE CRACK GROWTH RATE,
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FIGURE 25A. FATIGUE CRACK GROWTH RATE RATIO CURVES
FOR Ti-6A1-4V (STA) MATERTAL SHOWING THE
DEGREE OF CRACK GROWTH ENHANCEMENT CAUSED

BY HYDROGEN GAS.

52



(.dn
dn Ho

da
dn Jye

e

FIGURE 25B.

12 13

14 15 16 17

AK, ksi Vinch

FATIGUE CRACK GROWTH RATE RATIO CURVES
FOR Ti-6A1-4V WELD MATERIAL SHOWING THE
DEGREE OF CRACK GROWTH ENHANCEMENT CAUSED
BY HYDROGEN GAS.
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Metsllography

Visusl examination of the fractured (STA) seamples showed that the fracture
surfaces were relatively flat and conteined numerous small, shiney facets,
Figure 26. These facets were probably formed as a result of crack propaga-
tion occurring along alpha platelets within the materisl. The fracture sur-
face shown in Figure 26 was typical of all the (STA) samples tested regardless

of the test environment.

The macroscopic appearance of the fracture surfaces on the weld samples was

distinctly different than that found for the (STA) semples. Crack propes ation
in the large grained weld material apparently occurred along specific crystal-
logrephic planes thus producing a rough, irregular fracture surface, Figure 27.

Metallographic specimens were prepared through the fractuvre surfaces of the
samples fatigue tested at ambient temperature in hydrogen gas. The (STA)
samples showed indications of hydrogen penetration initiating from the fracture
surface, Figure 28. The weld samples, however, showed no evidence of hydrogen

penetration in the area fatigued in hydrogen gas, Figure 29.

Fractography
(STA) Material

The fracture modes were identified for each test condition by using electron
fractography. It was fou~d taat the fracture surfaces on the (STA) samples
tested in helium gas were distinctly different from those obtained in hydrogen
gas in the temperature range of ambient to -100°F., At ambient temperature,
the sample tested in helium gas exhibited irregular fracture surfaces con-
teining well defined fatigue striations and relatively flat plateaus,

Figure 30. The sample tested in hydrcgen ges, however, had fracture surfaces
containing severe secondary cracking, Figure 31. This cracking appeared to be
concentrated primarily along fatigue striations.
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M5366

FIGURE 2€. FRACTURE SURFACE OF (STA) SAMPLE 1-10
TESTED AT ~-100°F IN HYDROGEN GAS.

FICURE 27, TRACTURE SUBFACE OF WRLD SAMPLE 211
TESTED A -1009F IN HYDROGEN GAD,




MAG: 500X M5270 MAG: 500X

M5263
Etched Surface Partially Removed

Etched in Kroll's

FIGURE 28. CROSS~SECTION THROUGH FRACTURE SURFACE OF (STA) SAMPLE 1-5
FATIGUE TESTED AT AMBIENT TEMPERATURE IR HYDROGEN GAS
SHOWING INDICATIONS OF HYDROGEN PENETRATION.

MAG:

FIGURE 29, CROSS-SECTION THROUGH FRACTURE SURFACE OF WELD SAMPLE
2-10 PATIGUE TESTED AT AMBIENT TEMPERATURE IN HYDROGENW

GAS SHOWING LACK OF HYDROGER PENETRATION,
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E2232k
(&)

FIGURE 30. FRACTURE SURFACE OF (STA) SAMPLE 1-k FATIGUE
TESTED AT AMRIENT TEMPERATURE IN HELIUM GAS,

E22318 E22316
(&) (B)

FIGURE 31, FRACTURE SURFACE OF (STA) SAMPLE 1-5 FATIGUE
TESTED AT AMBIENT TEMPERATURE IN HYDROGEN GAS,




The fracture surfaces of the (STA) material tested at 0°F in helium gas

showed primarily flat arecas with faint fatigue striations, Figure 32, In

some areas, shallow cracking was found presumably occcurring within alpha grain
boundaries, Figure 32B. The sample tested in hydrogen gas &t O°F had fracture
surfaces similar to the ambient temperature sample. Numerous cracks within
the fatigue striations dominated the fracture surfaces, Figure 33,

The (STA) material tested at -100°F showed the first indications of & decreas-
ing hydrogen-titanium reaction. In helium ges, the fracture surfaces were
irregular and in some areas seem t~ follow crystallographic featvies in the
material, Figure 34. Faint discontinuous fatigue striations were also found

in numerous areas. The fatigue surface of the sample tested in hydrogen gas

is shown in Figure 35. In most areas, the fracture surfaces were rough with
some cracking occurring slong crystallographic features, Figure 35A. Oaly
isolated areas were found that contained fatigue strietion cracking, Figure 35B.

The crack growth rate curves for the (STA) material tested at ~200°F ghowed
no indications of a detrimental hydrogen-titanium reaction. Similar results
were found on examining the fracture surfaces of these samples. Both test
epvironments resulted in irregular fracture surfaces having flat areas and
discontinuous fatigue striations, Figures 36 and 37.

Veld Materisl

The topography of the fracture surfeces in the weld material was strongly
influenced by the microstructure and crystallographic oriemtation «f the
meterial, This condition is illustreted in Figure 38 by the sample tested in
heliun gas at ambient temperature, Flat areas containing fatigue striations
are shown in Figure 38A. However, in an adjacent area on the fracture surface,
failure of the material occurred elong alpha platelets found in the weld
microstructure. The sample tested in hydrogen gas at embient temperature,
Figure 39, exhibited extensive secondary cracking on the fracture surface,
Although the cracks appesred to be assoclaeted with fatigue striations, areas
containing random cracking were frequently found.
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E22341 B2 3h5
(&)

FIGURE 32. FRACTURE SURFACE OF (STA) SAMPLE k-6 FATIGUE
TESTED AT 0°F IN HELIUM GAS.

E22307

FIGURE 33. FRACTURE SURFACE CF (STA) SAMPLE 4=T
FATIGUE TESTED AT 0°F IN HYDROGEN GAS.




E22301

FIGUSE 3k. FRACTURE SUFFACE OF (STA) SAMPLE L-8
FATICUE TESTELD AT -100°F IN HELIUM GAS.

E22h07

FRACTURE SURFACE OF (8TA) CAMPLE 1-1
1

FATIGUE TESTED AT -100°F 1IN HYDROGEN CAS.




E22375 E22371

FIGURE 36, FRACTURE SURFACE OF (STA) SAMPLE 1-2
FATIGUE TESTED AT -200°F IN HELIUM GAS.

E2238% (5)

FIGURE 37. FRACTURE SURFACE OF (STA) SAMPLE 1-12
FATIGUE TESTED AT -200°F IN HYDROGEN GAS.
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E223L8 R22351
(a3 . {B)

FIGURE 38. FRACTURE SURFACE OF WELD SAMPLE 2-7 FATIGUE
TESTED AT AMBIENT TEMPERATURE IN HELIUM GAS.

E22369

FIGURE 39. FRACTURE SURFACE OF WELD SAMPLE 2-1C FATIGUE
TESTED AT AMBIENT TEWMPERATURE IN HYDROGEN GAS.




The fracture surface of the sample tested at 0°F ip helium, Figure 40, vas
gimilear in sppearance to the surface found on the ambient tempersture sample,
Figure 38, The cnly obvious difference between the two samples was the lack
of well defined fatigue stristions on the fracture surface formed at O°F,
Exsmination of the fracture surface generated in hydrogen gas at 0°F revealed
the presence of pumercus surface cracks, Figure k1. This fracture mode was
the zame as that found in the amblient temperature sample tested in hydrogen,
Figure 39, however, the degree of cracking seemed to be less at 0°%F.

The curves in Figure 23 show that hydrogen gas does not significantly affect
the creck groath rate in weld material at -100°F Examination of the fracture
gurfaces snowed that the fracture modes in both helium and hydrogen gis were
the saeme, Figure 42 and 43, There vere nc indications of surface cracks on
the fracture surface formed in hydrogen gas, Figure h3.

The fracture surfaces on the samples tested at ~-290°F in helium and hydrogen
were extremely flat and featureless, Figure LlL and 45. No indications were
found of & hydroger-titanium reaction in the pample tested in hydrogen,
Figr—e 45,

Discussion

The test results show that a hydrogen erviionment increaseg the fatigue crack
growth rate in Ti-6A1-L4V ELI (STA) and weld material in the temperature range
of ambient to -100°F., The degree of hydrogen enhanced crack growth was found
to be dependent on the stress intensitr ranie, temperature, and microstructure
of the materianl, The data, however; does n t clearly define the mechanism

of embrittlement. To understand the mechan.sms involved in the embrittlement
of this material, it is first necessary to examine the factors which control
fatigue crack growth in nonreactive enviroments,

Several studiesz have been made examining the conditions coccurring at the tip of
[ oty S
(53-55) These studies indicated that

the formation of a plastic zone ahead of :he advancing crack is an importani

a crack propagating a ductile material.
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E22L30
(A)

FIGURE k0. FRACTURE SURFACE OF WELD SAMPLE k-2
FATIGUE TESTED AT O°F IN HELIUM GAS,

grre =
4 ,«
5

F22204 22296

FIGUKE 41. FRACTURE SURFACE OF WELD SAMPLE 2-12
FATIGUE TESTED AT 0°F TN HYDROGEN GAS.




E2239k

FIGURE L2. FRACTUR. SURFACE OF WELD SAMPLE 3-10
FATIGUE TESTED AT -100°F IN EELIUM GAS.

E22389 E2239° (B)

FIGURE 43. FRACTURE SURFACE OF WELD SAMPLE 2-11
FATIGUE TESTED AT -100°F IN HYDROGEN GAS.
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E22397

FIGURE Lk, FRACTURE SURFACE OF WELD SAMPLE 2-6
FATIGUE TESIED AT -200°F IK HELIUM GAS.

FIGLRF k5. FRACTURE SURFACE OF WELD SAMPLE 4-10
FATIGUE TESTED AT -200°F IN HYDROGEN GAS.




factor in the crack propagation process., If the criteria for crack propagation
in Ti-6A1-4V is considered to be directly related to the plastic zone ahead of
the crack tip, the following process describing crack propagation in a ductile
material can be applied to fatigue crack growth in Ti-6A1-4V.

Crack Growth In Nonresctive Environments

The aspplication of a load to a ductile material results in a stress concentra-
tion at the tip of the crack.(so) X
zone having the shape shown in Figure h6.(5°) As the load on the material

This stress concentration produces a plastic

increases, the degree of plastic deformation at the tip of the crack exceeds

a8 critical value thus causing the crack to propagate. During crack propagation,
the plastic zone ahead of the moving crack also increases in size. Crack
propagation stops when the applied load falls below that needed to maintain

the critical degree of plastic deformation at the crack tip. This condition
occurs during the low load half of the fatigue cycle. Crack propagation
through the material occurs by successive repetition of this process.

The propagation of a fatigue crack through Ti-6A1-4V results in the formation
of fatigue striations on the fracture surfaces, Figures 30B and 38A. lLaird
and Smith proposed that the formation of fatigue striations in an isotropie,
ductile material is a consequence of successive rounding and sharpening of
the crack tip, Figure h7.(56)
absence of fatigue striations in certain grains on the frecture surfaces of
the Ti-6A1-UV fatigue samples. It would therefore seem that the formation

of fatigue striations in this material must also depend on the crystalloz
57,58)

This model, however, dc:s not explain the

graphic orientation of the slip planes in the vicinity of the crack tip.
In an anisotropic material such as Ti-5A1-4V, the "ear" formations at the

crack tip, as proposed by Laird and Smith, may occur only when the slip planes
are favorably oriented. By using the above fatigue strietion model and con-
sldering the plastic zone analysis previously discussed, the propagation of

a fatigue crack through Ti-6A1-LV in a nonreactive enviromment can be described

by the process shown in Figure 48,
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FIGURE 46. SCHEMATIC OF A CRACK SHOWING THE PLASTIC
ZONE AT THE CRACK TIP 98 DETERMINED BY
HAHN AND ROSENFIELDS?3

(A) - (c)

(3) F% s

FIGURE 47. SCHEMATIC SHOWING A FATIGUE CRACK PROPAGATING (56)
DURING ONE CYCLE AS PROPOSED BY LAIRD AND SMITH, 5
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(a) (¢)

() (p)

FIGURE 48. SCHEMATIC OF A CRACK PROPAGATING THROUGH A
DUCTILE MATERIAL. SHADED AREAS INDICATE THE
SHAPE OF THE PLASTIC ZONE.
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Crack Growth In Reactive Environments

The first reaction that occurs when & crack propagates in a gaseous environ~
ment is the adsorption of the gas onto the fracture surraces.(g) This
adsorption can result in a lowering of the surface energy thereby decreasing

the fracture stress of the m&terial(lh)

and increasing the crack propagation
rate. Since the adsorpticn cherascteristics of hydrogen on Ti-6Al-4V ELI are
not known, & positive correlation between adsorption and the embrittlement

found in this study can not be meade.

The embrittlement found in this study can, however, be explained using a model
based on hydrogen diffusing ahead of the advancing crack. The proposed mech-
snism of embrittlement ir shown schematically in Figure 49. During the low
stress half of the fatigue cycle, hydrogen diffuses into the plastic zone
ahead of the striation notches and main crack front, Figure 49A. This
embrittles the region in front of the main crack and the re-spplication of
stress immediately causes the crack to propagate at a relatively low stress
level, Figure 49B. After the applied stress reaches a maximum value, the
main crack front has propagated beyond the embrittled area and is now propa-
gating in a ductile matrix. Blunting of the crack tip occurs with the crack
front assuming the shape proposed by Laird and Smith‘?0), Figure 49C. Wnile
the main crack front is propagating, secondary cracking is occurring at the
striation notches produced by the previous fatigue cycle, Figure U9C., The
conditions are favorable for crack formation in these areas since the small
notches act as stress raisers and the areas in front of the notches are
embrittled with hydrogen as previously noted. Cracking tiwouzh the stria-
tion notches continues until the secondary cracks reach the ductile matrix
beyond the embrittled areas. Decreasing the applied stress results in a
sharpening of the crack tip, Figure 49D, accompanied by hydrogen again dif-
fusing ahead of the crack front, Figure 49E. The main crack continues to
propagate through the material by repetition of the above process.

The distance that hydrogen will diffuse shead of the crack front depends on

a number of variables. These variables include the temperature of the mate-
rial, the fracture surface hydrogen concentration, the stress and strain

T0
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distribution at the crack tip, and the quantity and distribution of the beta
phase in the material. Since the ..nditions existiang at the crack tip can
not be defined at the present time, several assumptions must be made to
estimate the mobility of hydrogen near the crack tip at ambient temperature.

The depth of hydrogen embrittlement resulting fror diffusion occurring during

a half cycle time period was estimated by using the diffusion equation derived
for a semi-infinite medi having a constant solute surface concentration.(sg)
Since available diffusivi?{)data of hydrogen in alpha titanium were determined

obtain the diffusivity at ambient temperature. The surface concentration of

at elevatad temperatures, it was necessary to extrapolate the data to
hydrogen was assumed to remain at a constant value of 2,000 ppm, which is just
under the concentration that promotes hydride precipitation in transformed
T1-6Al—h¥.(60) Using an embrittlement hydrogen concentration of 800 ppm(sl)
and an initial material hydrogen content of 225 ppm, the depth of embrittlement
&l ambient temperature was calculated to be .1 x 10 - inches. This value com-
pares favorably with the crack growth rates of .8 to 3 x 10-'6 inches/cycle
found at low stress intensity levels. The calculated depth of embrittlement
should, however, be considered only as an approximation because of the assump-

tions that were made.

The presence of the beta phase and plastic deformation at thko crack tip were
not considered in calculating the depth of hydrogen embrittlement. The plastic
deformation ahead of the crack can increase the diffusion rate of hydrogen by

(62)

providing high-diffusivity paths in the material. This increase in the

diffusion rate would result in a greater depth of embrittlement. The diffu-
sion rate of hydrogen in the beta phase is greater than in the alpha phase;(h’ah)
therefore, the beta phase in Ti-6Al-4V would also increase the depth of hydrogen

embrittlement.

The crack growth rate curves show that at constant temperature, the degree of
crack growth enhancement resulting from the hydrogen environment generally
decreases at high values of (Ak) This effect can be explained by examining
the distance that hydrogen diffuses ahead of the main crack. The distance



that hydrogen will penetrate in front of the ciack during the low stress half
of the fatigue cycle will remain nearly constant at all (4K) values. This
limiting distance is a consequence of nmeintaining a constant temperature and
diffusion time. The distance that the crack propagates in one cycle, however,
increases with increasing (AK). Therefore, it can be revsoned that at a low
(4K} value, the crack propagatzs only a short distance and the added distance
of the embrittled area considerably changes the total distance that the crack
propagates during that cycle. However, =t high (AK) values, the incremental
increase in the crack growth distance resulting from hydrogen diffusion is
small compered to the total length that the crack propagates during one fatigue
cycle. This condition results in a decrease in the degree of embrittlenment
with increasing (AK).

The decreasing degree of embrittlement at the lower temperatures gives further
evidence of a diffusion dependent mechanism. It can be seen in Figure 25 that

as the temperature decresses, the degree of Lydrogen embrittlement also decreases
particularly at the high {&K) values. This difference can be attributed to a
decreasing hydrogen diffusion depth ahead of the crack front resulting from

the lower diffusion rate of hydrogen in Ti-6A1-4LV at the lower temperatures.

The electron fractographs taken of the surfaces of the reactive samples showed
that a considerable degree of secondary cracking had occurred. These cracks
appeared to be associated primarily with the fatigue striations, Figures 31
and 39. It can be seen in Figure 48 that cracking in the fatigue striations
is congistent with the proposed mechanism of embrittlement.

Conclusions

The test results show that hydrogen gas reacts with the fracture surfaces of
T1-6A1-4V under fatigue loading in the temperature range of ambient to -100°F.
This reaction results in an increasgse of the crack propagation rate and a change
in the fracture mode for both (STA) and weld material. The degree of crack

growth enhancement caused by the hydrogen environment was found to be dependent

T3



on the stress intensity range, temperature anl microstructure of the material.
At -200°F, there was no significant difference between the crack growth rates
obtained in helium and hydrogen gas. The data is consistent with an embrittle-
ment mechanism involving hydrogen diffusion shead of the crack front.
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APPENDIX A

CRACK PROPAGATION DATA FOR FORGED AND WELDED
Ti-6A1-4V ELY MATERIAL
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Crack Length (2a) in inches Crack Length {2a) in inches
SAMPLE SAMPLE
NO. 1-9 1-4 1-5 1-6 NO. 1-9 -l 1-5 1-6
CYCLES CYCLES

0 .053 ,052 .052 ,053 31,000 A3k 150 J314
1,000 .05% ,054 ,053 .05h 32,000 138,155 -
2,000 .056 .05 .054 .055 33,000 A48 162 F
3,000 057 .05  .055 ,056 34,000 155,169
h,000 .058 ,057 .056 .057 35,000 163,176
5,000 .059 .058 ,057 .058 36,000 AT 186
6 ,000 0060 .061 0059 - 37 ,000 0181 0196
7,000 061 062 060 ,060 38,000 - +206
8,000 062 ,063 ,062 ,062 38,200 .194 -
9,000 .063 ,065 ,063 ,063 39,000 .203 -
10,000 066 .067 .065 ,065 39,300 - 220
11,000 068 .069 06T ,066 40,000 213,229
12,000 070 071 .069 068 41,000 227 .24
13,000 072  .0Th 0T .uTO 42,000 22 26
14,000 07,075 .073 .072 43,000 260 ,283
15,000 .076 .07% 075 .OTS 4k ;000 281  ,303
16,000 .078 .081 .078 .07TT 45,000 310 ,332
17,000 081 .08 082 ,081 46,000 - F
18,000 083 .087 .086 .086 47,000 F

19,000 .085 .090 ,093 ,091

20,000 .088 - .101  ,097
21,000 091  ,099 ,111 -

22,000 L09% 104 L,122  .116
23,000 097  .108 ,137 .129
24,000 .100  ,112 ,156  ,143
25,000 Jd0 L1116 176 .57
26,000 108  .121  .205 .176

27,000 112 127,239 .198
28,000 2117 .132 282,228

29,000 122,138 - -
29,100 - - - 271
29,500 - - - .288
30,000 :129 1Lk F -

CRACK PROPAGATION DATA FOR Ti~6A1-UV ELI
FORGED MATERIAL IN THE (STA) CONDITION
TESTED AT AMBIENT TEMPERATURE.
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Crack Length (2e¢) in inches Crack Length (2a) in inches

SAMPLE SAMPLE
NOo. k-6 b9 b7 1-1) §O. k-6 L9 heT 1211

CYCLES CYCLES
0 \\0"516 had .05'6 0053 32 ’000 0126 5110 0116
1,000 .055 .05 ,05% ,05% 33,000 2131 a1k L3190
2,000 056 056 ,05&  .056 34,000 136 .118 202
3,000 057 057  .0ST  .057 35,000 Akt 21,215
4,000 057 .05T .058 .058 36,000 A8 L1260 232
5,000 .0%9  ,058 .059 .05%9 37,000 A8k 130 L2k9
6,000 060 .060 .060 .060 38,000 61 .135 ,269
7,000 062 ,061 .061 .062 39,000 168 L1k0  ,29%
8,000 063 .263 .062 .063 k9,000 AT6 0 16 325
9,000 065 .064 ,063 .06k 41,000 185 152 -

10,000 066 .065 .064 .066 42,000 94,158 F

11,000 .068 .067 .065 .068 k3,000 .203 165

12,000 070 .068 .067 .71 Lk ,000 213 ATh

13,000 071 .069 .068 .075 45,000 224,183

14,000 073 .070 .0C9 ,080 46,000 237 192

15,000 075 .072 .070 .085 k7,000 .253 202

16,000 077 073 .072  ,091 48,000 271 212

17,000 079 .0T5 .0TH  ,099 L9 ,000 292 ,22h4

18,000 081 .076 .07T6 ,108 56,000 322,239

19,000 084 .078 .078 .120 51,000 - .256

20,000 087 ,080 .08 ,133 52,000 ¥ 276

21,000 .080 ,082 .08k  ,1hT 53,000 +297

22,000 091 .08k ,088 ,162 54,000 312

23,000 093  .086 .09k - 55,000 372

2L ,000 006 .088 .11 .197 56,000 F

25,000 099 .09 ,108 .217
26,000 102  .092 .116 .239
27,000 .105  ,094h .12k ,262
28,000 .10 097 .133  .289
29,00C JA12 .00 k2,221
30,000 116,103 .153 -

31,000 120 ,107 .16k F

CRACK PROPAGATION DATA FOR Ti-6A1-4V ELI
FORGED MATERIAL IN THE (STA) CONDITION
TESTED AT O°F,



Crack Length (2a) in inches Crack Length (2a) in inches

SAMPLE SAMPLE
NO. k-8 1-7 1-1 1-10 Ro. k-8 1-1 1-1 1-10
CYCLES CYCLES

0 ,062 .062 .062 .060 45,000 .100 .105 F
1,000 062 .,062 .063 .062 46,000 101 .107
2,000 062 .062 .06k ,06h4 47,000 103,110
3,000 .063 .063 .066 .065 48,000 105,112
4,000 063 .063 .067 .066 49,000 107 115
5,000 .06k .063 .068 ,068 50,000 J09 117
6,000 064 063 ,070 .070 51,000 111 .120
7,000 06k .06k .072 .OTL 52,000 Jd12 12k
8.000 065 .06k .07 073 53,000 115 128
9,000 065 .064 .075 .OT5 5k ,000 118 13
10,000 066 .065 .OTT .OTT 55,000 121,135
11,000 066 ,065 ,078 .078 56,000 123 .139
12,000 LO06T .065 .081 .08 57,000 JA27  .1h3
13,000 06T .066 .082 .,083 58,000 .130 .1L8
1% ,000 L068 .067 .085 ,085 59,000 A3k 152
15,000 068 .068 ,088 .088 60,000 138 157
16,000 069 ,068 .091 .091 61,070 k2 162
17,000 071 .068 .093 .095 62,000 A6 165
18,000 07 .06 .096 ,099 63,000 JA51 .7
19,000 072 .070 .090 ,102 64,000 156 176
20,000 072 .0T1  .1C3 ,106 65,000 Jd62  ,182
21,000 072 .071 .196 = .110 66,000 167 .188
22,000 073 .072 .110 .11k 67,000 173,195
23,000 O 073 115 ,118 68,000 478  .203
24,000 LOT8 o7k .11y 122 69,000 JA8y 211
25,000 075 075 .125  .127 70,060 186 .221
26,000 076 .075 .129 ,132 71,000 A9k 231
27,000 0717 076 .133 .137 72,000 200 .24
28,000 078 077  .140  .1k2 73,00G .208 .254
29,000 079  .078  .1k6  .auT 74,000 216  .268
30,000 .080 .079 .151 .15k 75,000 226 .28L
31,000 081 .08 .158 .161 76 ,000 237 .307
32,000 082 .08 .165 .169 77,000 L2UT 333
33,000 .083 .083 .172 .177 78,000 259 .383
34,000 .08: .08 ,179 .185 79,000 - F
35,000 .08 .08 .188 .193 80,000 .288
36,000 087 .087 .198 .203 81,000 <303
37,000 .088 .089 .208 .21k 82,000 -
38,000 .089 .090 .219 .226 83,000 .361
39,000 090  .092 .232 ,2ho 84,000 F

40,000 .091  .094 .24k 25k
41,000 093 .097 .269 .27k
42,000 .095 .099 .290 .29h
43,000 096 ,101 .322 ,322
Lk 000 .098 ,103 .372 F

CRACK PROPAGATION DATA FOR Ti-6Al-hv ELI
MATERIAL IN THE (STA) CONDITION TESTED
AT -100°F,
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Crack Leugth (2a) in inches

Crack Length (2a) in inches

SAMPLE SAMPLE
HO. 1.2 4l 1-12 k11 “\JNO. 1-2 bk 1-12 k-1l
CYCLES CYCLES™,
¢ 070 070 072 070 40,000 J20 125 115 117
1,000 070 070 .07T2 .0TO 41,000 g2k 130 .118 119
2,000 L7 071 072 J0T2 42,000 128 .13k 121 122
3,000 071 072 073 071 43,000 131,138 .12k L322k
4,000 071 071 .0T3  .072 bk ,000 235 k3 127 128
5,000 072 071 JOTH  .OT2 45,000 139 - 31 132
6,000 072 .072 .OTH (073 46,000 kb 152 3% 135
7,000 072 072 .0Th ,0Th 47,000 A9 358 138,139
§,000 - 072 075 .07k 48,000 55 167 L1k2 143
9,000 072 073 076 075 49,000 A60 170 LANT L1M7
10,000 073 .073 .076 .076 50,000 166 175 152,152
11,900 LT L0Th 07T 07T 51,000 AT2 182 156 156
12,000 OTh T 0Tk 07T 078 52,000 .i80 ,i88 161 .161
13,000 075 075  .078  .079 53,000 186 197 166 167
1k ,c00 L0786 076 .079 .080 54,000 94,205 172 ,17h
15,000 076 076 .080 .081 55,000 202 .21k 178  ,180
16,000 07T .078 .08 .082 56,000 212,223 .185 ,L186
17,000 078 .079 .081 .083 57,000 220  .234 .92 ,193
18,000 079 .079 .082 .084 58,000 231,247 .201 .202
19,000 .080 .08 .083 .085 59,000 .23 260 .20 212
20,000 081 .081 .084 ,086 60,000 .256 - 219 222
21,000 .082 .083 .084 087 61,000 273 .301  .230 .232
22,000 .083 .08 .08 ,088 62,000 291,331 .22 243
23,000 .085 - .086 .089 63,000 .316 F .258  ,256
24,000 .086 .086 .088 .090 64,000 .361 276 272
25,000 087 .088 .089 .091 65,000 F 294,290
26,000 .080 .090 .090 ,092 66,000 .316  ,310
27,000 090 .092 .092 .09k 67,000 0352 341
28,000 092 .093 .093 .096 68,000 F F
29,000 ,09% ,005 .094% .097
30,000 096 .,097 .096 .098
31,000 .098 .099 .097 .1l00
32,006 .100  ,10%  .099 ,101
33,000 102,103 .101  ,103
34,000 Aok 106 .102  ,105
35,000 106 ,108 .105 ,106
36,000 .108 .11 .106  ,108
37,000 111 .11k 108 111
38,000 A1k ,117 a0 ,113
39,000 A7 L1210 L1130 L1115

CRACK PROPAGATION DATA FOR Ti-6Al-LV ELI
FORGED MATERIAL TESTED IN THE (STA) CONDITION
AT -200°F,
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Crack Length (2a) in_inches

SAMPLE
NO. 2-7 2-2 2-1C 2-5
CYICLES

0 062 - 062 -
1,000 .06k - 064 -
2,000 .066 066 .068 -
3,000 069 070 076 071
4,000 .070 073 .08L .083
5,000 .073 076 .095 100
6,000 07T 079 A1l 116
7,000 081 .082 132 -
7,500 - - - .16
8,000 .085 .085 156 158
9,000 .088 .088 .18k .188

10,000 .092 .090 .210 219

11,000 .096 +094 .238 +250
12,000 .101 .099 272 .283

13,000 .105 .103 304 .315

14,000 111 107 F F

15,000 .118 2112

16,000 .125 .118

17,000 134 .125

18,000 <1hb 134

19,000 «155 <10

20,000 .168 .1h9

21,000 .183 .159

22,000 .204 .170

23,000 ,218 .183

2k ,000 .23k 197

25,000 257 213

26,000 .288 232

27,000 F -

27,300 266

28,000 294

29,000 .325

30,000 F

CRACK PROPAGATION DATA FOR Ti~6Al-bV ELI
FORGED MATERIAL TESTED IN THE WELD AREA
AT AMBIENT TEMPERATURE,
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Crack Length (2a) in inches Crack Length (2a) in inches
SAMPLE

SAMPLE .
NO, 2-13 %-2 2-12 3-13 NO., 2-13 4.2 2-12 3.13
CYCLES CYCLYS

0 .052 - .051 052 32,000 168 170
1,000 .052 - 055 .055 33,000 179,180
2,000 .053 - 060 ,057 34,000 191,192
3,000 .05k - .065 .060 35,000 .200 ,206
4,000 .05k - 012,065 36,000 218 224
5,000 .055 .05k .079 .0TO 37,000 229 243
6,000 056 .05k ,087 .075 38,000 243,260
7,000 .056 .056 .09% .080 39,000 266,284
8,000 .057 .05T ,101 .086 40,000 «299  ,303
9,000 058 .05 .110 ,092 41,000 F F

10,000 059 .062 ,120 .100
11,000 060 .063 .131 .108
12,000 .062 ,066 .140 ,115
13,000 .06k ,068 .151 .12k
14,000 066 .O0TL .162 ,133
15,000 069 .O0Th 173  .1k2
16,000 072  .077  .185 .153
17,000 076 .081 ,201 .16k
18,000 .080 .083 .21k 177
19,000 .08k ,087T .,236 .190
20,000 .089 .090 .260 .208

21,000 .09% .09k ,290 ,229
22,000 .099 ,098 - +256
23,000 .103 - F +290
2k ,000 109 .11l F

25,000 115 117
26,000 121,123
27,000 126,130
28,000 JA32 136
29,000 138 15
30,000 147 153
31,000 5T .161

CRACK PROPAGATION DATA FOR Ti-0Al-hV FORGED
MATERIAL TESTED IN THE WELD AREA AT O°F,

87



Crack Length (2a) in inches

Crack Length (2a) in inches

SAMPLE
NO. 3-10 2-8 2-11 L4212 3-10 2-8 2-11 L.12

CYCLES
0 .053 - - 053 32,000 107  ,09T .10  ,159
1,000 .053 - - .053 33,000 JA11 ,100  L19T  L169
2,000 .05k - - 054 34,000 116 ,103  ,111 ,i80
3,000 .05k - .055 .05k 35,000 20  ,106  ,115 ,191
4,000 055 - 056 .056 36,000 125 109 121,202
5,000 +056 - 057  .057 37,000 JA30 112 129 215
6,000 057 - 058 .058 38,000 137 215 135 ,23h
7,000 .057 - 059  .060 39,000 A3 119 .1kl 264
8,000 .058 - 061 .062 49,000 250 123 L1hT F
9,000 .059 - 062 .064 41,000 57 127 .15k

10,000 .060 - .063 .066 42,000 164,130  ,160

11,000 .061 - 064  ,069 43,000 A72 .13k 166

12,000 .063 - 065 ,071 kk ,000 182 138 .17k

13,000 .06k - .066 .OTh 45,000 192 ,1k3  ,182

14,000 065 .065 .06T .OTT 46,000 .203 148 192

15,000 067 06T .069 .0T9 47,000 218  .153 .204

16,000 .068 .068 .071 .082 18,000 232 ,160 ,216

17,000 070 .07T0 .073 .086 49,000 .251  ,167 .233

18,000 071 071 .07k .089 50,000 266 174,255

19,000 073 .073 .076 .092 51,000 .296 ,181 ,284

20,000 .075 .075 .078 .095 52,000 F 186 .3h3

21,000 076 .076 .079 .099 53,000 192 F

22,000 079 .079 .081 .103 54,000 .199

23,000 .081 .,080 .083 .107 55,000 .213

24,000 .083 .08 .08 .112 56,000 .229

25,000 .085 ,083 .087 .17 57,000 .2h6

26,000 .088 .085 .090 .122 58,000 267

27,000 .090 .087 .092 .127 59,000 .303

28,000 .093 .08 .093 .133 60,000 F

29,000 .095 .091 .096 ,138

30,000 .098 .093 .098 .1kk

31,000 - 095 ,101 .151

CRACK PROPAGATION DATA FOR Ti-6Al~-4V ELI
FORGED MATERIAL TESTED IN THE WELD AREA

AT -loooF .



Crack Length (2a) in inches

Crack Length (2a) in inches

SAMPLE SAMPLE
NO, 2-6 3-12 k<10 U4-3 R0, 2-6 3-12 k.10 b3
CYCLES CYCLES
0 .055 - 055 .05k 32,000 127 105 L1009 116
1,000 .055 - 055 .05% 33,000 133,108 .12 ,120
2,000 056 - .055  .056 34,000 JA0 110 L1M7 126
3,000 .056 - .056  .05T 35,000 AT 113 121 a3
k,000 057 - 057  .057 36,000 156 11T 128,137
5 ,000 .058 - 0058 0058 37 ’000 0166 0120 0135 olh3
6 ,000 0058 - 0059 0059 38 ,000 olao 012“ oll.l 0152
7,000 .059 - 060 ,060 39,000 .188  .128 .17 160
8,000 .060 - .061 ,061 k0,000 200 ,132 ,154 ,169
9,000 ,061 - 063 .062 41,000 213 .137 .162 .179
10,000 .062 - .06k  ,063 42,600 226 AWMl 170 192
11,000 .063 .065 065 .06k 43,000 2k5 .14 .18 ,208
12,000 .06k 066 06T .066 kk ,000 264,151 .19k  .229
13,000 .065 .06T ,068 067 45,000 282 .158 ,206 .,270
14,000 067 068 .07T0 .069 46,000 .302 .6k ,221  ,310
15,000 068 .060 .0T1 .0TO k7,000 F AT73 0 .2h5 F
16,000 .070 .070 ,073 .0T1 48,000 .183 287
17,000 072 .072 .075 .OT3 49,000 195 .353
18,000 O0T% .073 .0TT .0T5 50,000 .206 F
19,000 076 .075 .079 .077 51,000 «220
20,000 079 .078 .081 ,079 52,000 «230
21,000 082 .08 .083 .08 53,000 .255
22,000 085 .082 .08 ,083 54,000 .276
23,000 088 .084 ,087T .085 55,000 .301
24,000 .091 .087 .089 .088 56,000 ,3h3
25,000 096 .08 .092 .091 57,000 F
26,000 .100  .091 .093 .09k
27,000 .10 ,093 .095 .097
28,000 ,108  ,095 .098 .100
29,000 .12  ,097T .100 .,103
30,000 117 .00  ,103 ,107
31,000 Jd22  .102  .106  .112

CRACK PROPAGATION DATA FOR Ti-6Al-hV ELI
FORGED MATERIAL TESTED IN THE WELD AREA
AT -200°F.
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APPENDIX B

FATIGUE CRACK GROWTH RATE DATA FOR FORGED AND WELDED
Ti-6A1-hV ELI MATERIAL
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CRACK GROWTH RATE, 10 INCHES/CYCLE
da da da de da da da de
dn dn dn dn dn dn dn dn

SAMPLE

AK NO. 1-9  1-b  Avg.  Avg. 1-5 1-6  Avg.  Avg.
K8I YIN,

8.34 .70 oT5 .73 .76 .85 .65 «T5 .78
8.69 .80 .88 .84 .88 .90 .80 .85 .89
9.03 .95 1,10 1.03 1.08 1,05 1,10 1.08 1.13
9.35 1.10 1,25 1.18 1.25 1.20 1.0 1,30 1.38
9.67 1.23 1.53 1.38 1.k7 1.83  1.82 1.83 1.95
9.99 1.33 1.70 1.52 1.63 2.35 2,25 2.30  2.47
10.29 1.50 1,83  1.67 1.8 3.10 2,83 2,97 3.22
10.60 1.60 2.00 1.8 1.97 3.95 3.25 3.60 3.9k
10.88 1.75 2.15 1.95 2,16 k50 3.85 4,18 4,62
11.46 2,13 2.25 2,19 2,47 5.30 5.20 5.25 5.93
12,01 2.5 2,45 2.h5 2.83 6.20 6.15 6.18 7.15
12,56 3.00 2,73 2.87 3.41 7.25 6.80 T.03  8.3%4
13.10 3.50 2.85 3.18 3.88 8.15 T.35 T.75 9.46
13.63 3.73 3.05 3.39 h.27 9.35 T.75 8.55 10.77
14.16 4,00 3.0 3.70 L,.82 10,05 8.30 9.18 11,95
14.68 k.35 3.83 4,09 5.52 10,80 8,95 9.88 13.34
15.21 4,95 4,35 4,65 6.52 12.80 10.00 11.40 15.99
15.73 5.40 4,70 5.05 7.38 14,30 11.50 12.90 18.86
16.27 5.60 5,30 5.45 8.33 15.35 12,50 13.93 21.28
16.81 6.00 5.63 5.8 9.32 15.75 1hk.50 15.13 24.2h
17.36 6.35 6.18 6.27 10.56 17.05 16.50 16.78 28.26
17.93 7.00 6.85 6.93 12.31 18,25 17.50 17.88 31.77
18.50 T75 T.15  T.75 14,58 20.00 17.60 18.80 35.38
19.09 8.50 8.20 8.35 16.70 20.85 19.30 20.08 40,16

CRACK GROWTH RATE DATA FOR Ti-6Al-4V ELI

MATERIAL IN THE (STA) CONDITION TESTED AT
AMBIENT TEMPERATURE.
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CRACK GROWTH RATE, 10

o

INCHES/CYCLE

da da da de da da da de
dn dn dn dn dn dn dn dn
SAMPLE
NO, k-6 b9  Avg. Avg. h-7  1-11  Avg. Avg.
égx /IR,

8.3k 0.60 0.55  0.58 0.60 0.51 0.T0 0.6 0.63
8.69 0.80 0.70 0.75 0.78 0.68 0.90 0,79 0.82
9.03 0.85 0.80 0.83 0.87 0.80 1.50 1.5 1.21
9.35 0.95 0.90 0.93 0.98 0.90 2.25 1,58 1,67
9.67 1.20 1.00 1.10 1.17 1.0 2,50 1.95 2.08
9.99 1.25 1.05 1.15 1.2k 1.80 2.80 2.30  2.47
10,29 1,30 1,15 1.23 1.33 2.7 3.20 2,98 3,23
10.60 1.33 1l.28 1.30 1.k2 3.0 3.98 3.54 3,88
10,88 1,50 1,55 1.53 1,69 3.0 LU0 3,90 L4.,31
11.46 1.80 1.80 1.80 2.03 4,00 5.03 LS2 5.1
12.01 2,35 2,03 2.19 2.53 b.35 6.15 5.25 6.07
12,56 2,60 2.20 2,40 2,85 4,65 6.75 5.70  6.77
13.10 2,88 2.65 2.17 3.38 L,oo T.20 6.05 T.39
13.63 3.08 3.00 3.7k 3.83 5.20 T.50 6.35 8.00
14,16 3.3 3,53  3.u48 k.53 5.60 T7.95 6.78  8.83
14.68 4,00 k.05 4,03 5.4l 5.83 8.30 7.05 9.52
15.21 4,08 4.4 b2 5.95 6.20 8.75 T.48 10.49
15.73 L,48 4,93 4,71 6.89 6.50 9.00 T.75 11.33
16.27 k.90 5.35 5.13 7.84 6.80 ¢.25 8,03 12.27
16.81 5.20 5.75 5.48 8.78 7.38  9.90 8.64 13,84
17.36 5.90 6.20 6.05 10,19 7.7 10,40 9.08 15,29
17.93 6.55 T.25 6.90 12.26 8.00 11,30 9.65 17.15
18.50 7.45 17.85  T7.65 14,0 8.60 11.80 10,20 19.20
19.09 8.30 8.60 8,45  16.90 9.15 12,50 10.83 21.66

CRACK GROWTH DATA FOR Ti-6A1-4V ELI FORGED
MATERIAL IN THE (STA) CONDITION TESTED AT O°F.
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CRACK GROWTH RATE, 10 INCHES/CYCLE

da da da de da da da de

dn dn an dn dn dn dn dn

1-7 4.8 Avg. Avg. 1-1 1-10 Avg. Avg.

8.69 - - - .65 .80 .TL JTh
9.03 35 .35 35 37 .85 .85 .85 .89
9.67 .63 55 59 .63 1.05 1,05 1.05 1l.12
10.29 .90 <70 .80 .87 1.43 1,26  1.36  1.47
10,88 1.08 .90 .99 1.09 1.60 1.78 1.69 1.87
11.46 1.33 1.05 1.19 1.3k 1.80 1.98 1.89 2.1h
12,01 1.55 1.5 1.50  1.Th 2,10 2,18 2,14 2,48
12,56 1.78  1.90 1.84 2,18 2,38 2.5 2.h2 2,87
13.10 2.10 2.05 2.08 2,5k 2.85 2.75 2.80 3.h2
13.63 2,38 2.40 2,39 3.0l 3.10 3.15 3.13  3.9%
1k4.16 2,45 2.65 2.55 3.32 3.0 3,68 3.54 k.61
14,68 2.70 2.80 2.75 3.59 3.70 3.90 3.80 h.96
15.21 3.08 3.00 3.0 k27 .00 k,20 4,00 5.75
15.73 3.45 3.38 3.42 5.00 4,38 k.5 4,42 6.46
16.27 3.90 3.70 3.80 5.81 h.95 4,95 k.95 7.56
16.81 4,50 4,05 4,28 6.86 5.55 5.55 5.55 8.89
17.36 4.85 4,55 4,70 7.91 6.18 6.10 6.14 10.34
17.93 5.25 5,10 5.18  9.20 7.03 6.70 6.87 12.21
18.50 5.70 5.u48 5.59 10,52 8.10 T.15 7.63 14,36
19.09 6.40 5.80 6.10 12,20 8.85 17.58 8.22 16.4y

CRACK GROWTH RATE DATA FOR Ti-6A1-4V ELI
FORGED MATERIAL IN THE (STA) CONDITION
TESTED AT -100°F.
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CRACK GROWTH RATE, 10-67 INCHES/CYCLE

da da 48 de a da da de

dn dn dn dn dn dn dn dn

bl 1-2 Avg. Avg. 1-12 41l  Avg. Avg,
9,67 .60 «55 58 .62 b0 .18 b AT
10.29 .80 .80 .80 87 .65 .60 .63 .68
10,88 1,0 1105 1,08 1.19 .83 .80 .82 91
11.46 .35 1,28 1.32 1.49 1.13  1.05 1.09 1.23
12,01 1.90 1,60 1.75 2.02 1.50 1.30 1.40 1.62
12.56 2,10 1.90 2.00 2.37 1.83 1,55 1.69 2,01
13.10 2,38 2,30 2,34 2.86 2,10 2,00 2,05 2.50
13.63 2,50 2,70 2.60 3.28 2,35 2,38 2,37 2.99
14,16 2.73 2.95 2.84 3.70 2,65 2,60 2,63 3.2
14,68 3.05 3.28  3.17 4,28 2,98 2,98 2,98 4,02
1%.21 3.38  3.55 3.47 4,87 3.25 3.35 3.30 4,63
15.73 3.70 3.88 3.79 5.54 3.65 3.80 3.73 5,45
16.27 4,08 L4.25 b7 6.37 4,25 4,40 4,33 6.62
16.81 4,43 h,60 h,52 7.2b k.65 L.75 L,70 7.53
17.36 k.50 5,00 h,75 8.00 5.25 5.10 5.18 8.72
17.93 5.00  5.50 5.25 9.33 5.75 5.35 5.55 9.86
18,50 5.50 6,20 5.85 11.01 6.5 6,00 6.23 11,72
19,09 6.30 6.7 6.50 13,00 7.08 6,60 6,84 13,68

CRACK GROWTH RATE DATA FOR Ti~6Al-4V ELI
FORGED MATERIAL IN THE (STA) CONDITION
TESTED AT -200°F,
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CRACK GROWTH RATE, 10'6 INCHES/CYCLE

da da da de de da de ac
dn dn dn dn dn dn dn dn
SAMPLE
NO, 2-T 2.2 Avg. Avg. 2-10 2-5 Avg. Avg,
ﬁgl VIN.

8.69 - - - - 1,55 2.00 1.78  1.86
8.89 - - - - 2,30 2.60 2,45 2,56
9.03 1.30 1.30 1.30 1.36 3.95 3.b0 3,686  3.86
9.67 1,68 1,50 1,59  1.69 bk 5,70 5.05 5.38
10.29 2,00 1l.70 1,85 2.00 6,05 7.33 6.69 7.25
10.88 2.48 2,10 2,29 2,53 7.35 8.0 7.88 8.72
11,46 2.85 2.70 2,78 3.1k 8.50 9.25 8.88 10,03
12,01 3.55  3.30 .43 3,97 9.75 9.70 9.73 11.26
12,56 4.38 3.65 4,02 h,T7 10.85 130.20 10.53 12,50
13,10 5.25 4,25 b, 75 5.80 12,00 10.70 11l.35 13.86
13.63 5.75 4,65 5,20 6.55 2,70 11,85 12,28 15.47
14,16 6.28 5.45 5.86 7.63 13.40 13,40 13,40 17.k5
14.68 £.95 6.03 6.49 8.76 13,55 1h.,20 13.82 18.7h

15.21 T1.75 6.35 T.05 9.89 - - - -
15.73 7.95 6.80 7.38 10.79 13.85 1k,95 1k, k0 21,05

16.27 8.30 T7.73 8.02 12,25 - - - -
16.81 8.70 8,65 8,68 13.90 14,65 15.30 14,98 24,00

17.36 9,13  9.70 9.k2 15.86 - - - -
17.93 10.00 ...25 10,63 18.69 15.25 15.60 15,43 27.k2

18.50 10.78  12.35 11.57 21.77 - - - -
19.09 12,85 13.50 13.18 26,36 16,00 15.85 1%.93 31.86

CRACK GROWTH RATE DATA FOR Ti~6Al-4V ELI
FORGED MATERIAL TESTED IN THE WELD AREA
AT AMBIENT TEMPERATURE.
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CRACK GROWTH RATE, 100 INCHES/CYCLE
da da da de da de da de
dn dn dn dn an an dn dn

2-13 b2 Avg. Avg. 2-12 3-13 Avg. Avg.

égx YIN,

8.3 .70 1.05 .88 91 2.08 1.93 2.01 2.08
8.69 i.23 1.23 1.23 1.28 2.85 2,15 2,50 2.61
9.03 1.60 1.35  1.u48 1.55 3.25 2,38 2.8 2,96
9.67 2,05 1.70 1.88 2.00 3.65 2,78  3.22  3.43
10.29 2.30 2.05 2.18 2.36 k.03 3.30 3.67 3.98
10.88 2.50 2,50  2.50 2,76 4.20 3.7 3.98 L.k
11.k6 2.78 2.95 2.87 3.24 L 45 k.03 W2k k.79
i2.01 3.08 3,25 3.17 3.67 k.75 L,20 L4.48 5.18
12,56 3.0  3.50 3.k5 k.10 4.85 4,50 L.68 5,56
13.10 3.88 3.15 3.82 4.66 5.10 L.90 5.00 6.10
13.63 4,33 L.25 L.29 5.40 5.38 5.30 5.34 6.73
14,16 4.85 L.U5 4,65 6.05 5.75 5.70 5,13  T.k6
14.68 5.23 L4.90  5.07 6.8k 6.08 6.15 6.11 8.25
15.21 5.40 5.50 5.45 7.65 6.5 6.90 6.68  9.37
15.73 5.80 €.15 5.98 8.7k 6.85 7.7  7.36 10.67
16.27 6.20 6.90 6.55 10.01 T.bb 8.80 8.12 12.h1
16.81 6.75 T.70 T.23 11.58 T1.95 9.7C 8.83 14.1k
17.36 7.h0 8,35 7.88  13.27 8.68 11.25 9.97 16.79
17.93 8.05 8.90 8.48  15.07 9.70 12,45 11,08 19.69
18.50 8.85 9.25 9.05 1T.03 10.73  13.40 12,06 22.70
19.09 9.90 9.50 9.75  19.50 11.85  1%.30 13.08 26.16

CRACK GROWTH RATE DATA FOR Ti-6A1-4V ELI
FORJED MATERIAL TESTED IN THE WELD AREA
AT O°F,
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CRACK GROWTH RATE, 10-6 INCEHES/CYCLE

da 48 g8 g &8 & 4 de
dn dn én an dn dn dn dn

2-8  Avg.  Ava. 2-11  Lk-12  Avg. Avg.

9.03 .83 .78 .81 .85 .80 1.3¢ 1.05 1.10

9.67 1.10 .85 .98 1.0k .93 1.b5 1.19 i.27
10.29 1.38 .98  1.18 1.28 1.08 1.70 1.39 1,51
10.88 1.70 1.23  1.h7 1.62 1.k5 1.90 1.68 1.86
11.46 2,20 1,58 1.89 2.1k 1.90 2.18 2.0k 2,30
12.01 2,45 1.80 2.13 2,46 2.43 2,50 2.47 2.86
12.56 2.75 2.00 .38 2,82 2.83 2,83 2.83 3,36
13.10 3.10 2.30 2.70 3.30 3.07 3.20 3.13  3.82
13.63 3.5 2.60 3.03 3.82 3.38 3.75 3.57 k.50
14.16 3.83 3.08  3.46 4.50 3.75 k20 3.98 5.18
1k.68 L.ko 3.35 3.88 5.2% h.25 L.70 L.50 6.08
15.21 5.00 3.60 L.30 6.03 4.85 5.13 k.99 7.00
15.73 5.50 4,10  L.80 7.02 5.38 5.85 5.62  8.22
16.27 6.05 k.70 5.38 8.22 5.95 6.50 6.23 9,52
16.81 6.70 5.58 6.1k 9.84 6.63 7.23  6.93 11.10
17.36 7.50 6.78 T.1%+ 12,02 7.20 8.50 7.85 13.22
17.93 8.30 1T7.85 8.08 1k.36 8.05 10.00 9.03 16.05
18.50 9.10 8.95 9.03  16.99 9.0 12.35 10.88 20.L8

19.09 9.63 9.80 9.72 19.hb 10.95 15.00 12.98 25,96

CRACK GROWTH RATE DATA FOR Ti-bAl-4V ELI
FORGED MATERIAL TESTED IN THE WELD AREA
AT -100°F.
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CRACK GROWTH RATE, 100 INCEES/CYCLE

da de da de da ds da de
dn dn dn dn dn an an dn
SAMPLE
HO. 2-6 3-12  Avg. Avg. h-10 b3  Avg.,  Avg.
&K

9.03 95 <15 .85 82 .85 .80 .83 .87
9.67 1.33 1.00 1,17 1.25 1.00 1,00 1,00 1.07
10.29 1,70 1.18  1.hk 1.56 1.10 1.ho 1.25 1.34
10.85 2,00 1.30 1,65 1.82 1.35 1.7  1.55 1.T1
11.46 2,30 1.45 1.88 2.12 1.85 2,05 1.95  2.20
12,01 2.70 1,75 2.23 2,58 2.55 2.40 2,48 2.87
12.56 3.20 2.10 2.65 3.1k 3.05 2.88 297  3.52
13.10 3.65 2.43  3.0b 3.7T1 3.35 3.3 3.3 k,06
13.63 L,30 3.00 3.65 k.60 3.68 3.85 3.75% h,72
1,16 k.60 3.60 L.10 5.34 k.05 4,35 4,20 5.4T
14.68 h.90 bh.25 h,58 6.18 4,83 5.00 k.92  6.6h
15.21 5.30 k.95 5.13 7.20 5.k0 5.90 5.65 7.93
15.73 5.9¢ 5.50  5.TC 8.33 6.03 8.715 6.0 9.3
16.27 6.30  6.05 6.18 9.bk £.85 8.13 T.49  1l.kk
16.81 6.75 6.65 6.70 10.73 7.53 9,40 8.47 13.57
17.36 T.40  T.hO 7.0 12,46 8.60 10.kS 9,53 16.05
17.93 §.00 3.50 8.2%  14.66 10.55  11.80 11.18 19.87
18,50 8.65 9.15 8.90  16.75 11.7%  13.%0 12,58 23.68
19.09 9.03 9.80 9.,h2 18,8k 13,10 15,00 14,05 28.10

CRACK GROWTH RATE DATA FOR Ti-6Al-h¥ ELI
FORGED MATERIAL TESTED IN THE WELD AREA
AT -200°F, ‘
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